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ABSTRACT 
  The developments in crystallographic techniques give us opportunity to check protein crystal 
structures at atomic level. In the face of a large number of information on many protein crystal 
structures, it is of great interest to know whether multiple crystal structures of a single kind of 
protein can be classified into several groups from the viewpoint of structural similarity. The 
crystal structures of hemoglobin (Hb), myoglobin (Mb), human serum albumin (HSA), hen 
egg-white lysozyme (HEWL), and human immunodeficiency virus type 1 protease (HIV-1 PR) 
from the Protein Data Bank (PDB) were selected for cluster analysis as calculation targets. As a 
result of cluster analysis, 146 crystal structures of Hb were separated into 5 groups. The crystal 
structures of Mb (n = 284), HEWL (n = 336), HSA (n = 63), and HIV-1 PR (n = 488) were 
separated into 6, 5, 3, and 6 groups, respectively. A major factor to distinguish the cluster 
groups is the space group of crystals. Precipitating agents used in the protein crystallization 
have a critical influence on the structural difference for all of the proteins. As for Hb and Mb, 
the species of protein source was found to be a more crucial factor for the classification. 
  In order to examine, without precipitating agent, whether the separated groups of protein 
crystal structures could be merged into one group by molecular dynamic (MD) simulation. The 
crystal structures of HEWL, Mb, Hb, and HSA were selected as samples for MD simulation. 
Cluster analysis was applied to snapshot structures from the same time point of the respective 
simulation trajectories. As a result, the separated cluster groups basically merged into one group 
with only a few exceptions. In HEWL, noticeable conformational changes from the crystal 
structures were observed after heating, and all of the clusters were merged into one group at 20 
ns of MD simulation. In Mb, 10 ns was necessary for all of the clusters to be merged into one 
group. For Hb and HSA, the time necessary for merging the structures became longer. In Hb, 
the initial group separation gradually became ambiguous after pre-equilibration, and the time 
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required for diminishing the dependence on the crystal structure was 130 ns except for one 
cluster group. In HSA, 160 ns was necessary for all of the clusters to be merged into one group. 
These times provide important index for judging the equilibration of protein simulations.
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Chapter I  
A dominant factor for structural classification of protein 
crystals
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I-1. INTRODUCTION 
Protein structure is related to biological function and thus provides essential information 
for structure-based drug design.1, 2 Proteins fold into respective unique structures, in which 
properties of the folding structures are divided into four distinct levels: primary structure of 
the amino sequence of polypeptide chains, secondary structure of an α-helix or β-sheet, 
tertiary structure of the complicated folding of peptide chains, and quaternary structure of a 
combination of two or more chains. A change at any structural levels will have an effect on 
the biological function. 
Due to the progress in techniques for protein crystallization and in software for model 
building, crystal structures of many proteins have been elucidated. The reliability of solved 
protein structures has also increased.3 The development of a high-energy X-ray source has 
also been important for advancing crystallographic studies.4 Due to the progress in 
crystallographic technology, the availability of crystal structures in good quality has enabled 
us to examine structural differences in proteins in detail. The number of crystal structures 
deposited in Protein Data Bank (PDB)5 is increasing year by year. There was an increase of 
20,728 entries from Jan. 1, 2016 to Jan. 30, 2018. This huge accumulation of protein 
structures is due to the progress in protein crystallization6 and X-ray sources7 and also the 
utility of software for model building. Owing to the progress in crystallographic study, 
information on many protein crystal structures has become available. Even for a single kind 
of protein, variation in the amino sequence or protein conformation causes a difference in 
biological function. For example, the D30N mutation in HIV-1 protease is one of the 
well-known primary mutations for drug resistance.8, 9 HIV-1 protease with many amino 
mutations exhibits severe resistance to many inhibitors.10 The change in conformation of ras 
protein works as a switch for signal transduction.11 Shape variation of a protein binding 
pocket influences the molecular recognition between the protein and a ligand.12 Perhaps due 
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to the variation of protein structure, some crystal structures are, however, sometimes 
incompatible with several biochemical and functional findings.13 The diverse information on 
protein crystal structures is too multifarious to systematically understand the biological 
function and its alteration due to conformational change. If the conformational change or the 
structural variation of protein is limited, classification of the protein structure will be helpful 
to deduce the intrinsic characteristic of proteins. 
  Some different methods for the classification of diversity in protein structure have been 
proposed.14-16 In this study, we performed cluster analysis on the crystal structures of five 
kinds of protein registered in PDB, hemoglobin (Hb), myoglobin (Mb), hen egg-white 
lysozyme (HEWL), and human serum albumin (HSA), and human immunodeficiency virus 
type 1 protease (HIV-1 PR) in the class B subtype. The aim of this work was to determine the 
structural diversity of the protein. If the crystal structures can be classified into a few groups, 
variation of the protein structure would not be large and conformational change of protein 
would be limited. If the crystal structures are scattered and difficult to assign them to several 
groups, this protein would have many conformational variations which could easily diminish 
the affinity of any approved inhibitors. The major factor for group separation in cluster 
analysis was discussed in terms of amino acid mutations and experimental differences in 
protein crystallization. 
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I-2. METHODS 
I-2.1 Preparation of data set 
The X-ray crystal structures of Hb, Mb, HEWL, HSA and HIV-1 PR were taken from PDB 
by using the queries ”hemoglobin”, ”myoglobin”, ”hen egg white lysozyme”, ”human serum 
albumin” and “human immunodeficiency virus type 1 protease”. The total numbers of crystal 
structures downloaded were 642, 361, 473, 106 and 697, respectively. Since some crystal 
structures were not directly relevant to the intended proteins, they were eliminated from the 
data set. Crystal structures that have missing residues not at the N-terminal or C-terminal 
sides were also eliminated. Structures obtained by a technique other than X-ray diffraction 
were also eliminated. Consequently, 611, 355, 468, 89, 618 structures were left as candidates 
for the initial data set. 
I-2.2 Data filtration 
Hb is a tetramer composed of two pairs of two subunits designated α and β (Figs. 
I-2.2.1(a) and 2.2.1(b)). The α-subunit contains 141 amino acid residues and the β-subunit 
consist of 146 residues (WT of human: 1XXT). Such crystal structures that have chemical 
modification were also excluded. By checking every structure, 146 crystal structures were 
selected for the data set of Hb. 
Mb is a monomeric heme protein comprised of 152 amino acid residues (WT of sperm 
whale: 1DUK) (Fig. I-2.2.1(c)). Then 284 crystal structures were selected. 
HEWL is a monomer composed of 129 amino residues (WT: 1UC0) (Fig. I-2.2.1(d)). To 
examine the difference by diffraction methods, the structures obtained from powder 
diffraction were also included. The number of crystal structures for HEWL in the data set was 
336. 
HSA is monomer protein and the residues from His3 to Gly584 appear in the wild-type 
crystal structure of 1GNJ (Fig. I-2.2.1(e)). Then, crystal structures that have missing residues 
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at the N-terminal and C-terminal sides were included. To align the sequence, the coordinates 
of the residues before Lys4 and after Leu583 were deleted. In several crystal structures, one 
unit cell contains two molecules. Hence, only chain A was used in the analysis. Consequently, 
63 crystal structures were selected for HSA. 
HIV-1 protease is homo-dimer, in which each monomer consists of 99 amino residues (Fig. 
I-2.2.1(f)). The data set was restricted to proteins derived from the class B subtype (WT: 
4DJP), and the selected number of HIV-1 PRs was 488. 
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Figure I-2.2.1: (a) Crystal structure of Hb (PDB: 1XXT). Two types of subunits are indicated 
by different colors. (b) Schematic representation of the secondary structures in two subunits 
of Hb. The helical segments of two subunits are represented by colors. (c) Crystal structure of 
Mb (PDB: 1DUK). Colors represent the helical regions. (d) Crystal structure of HEWL (PDB: 
1UC0). (e) Crystal structure of HSA (PDB: 1GNJ). The respective domains are shown by 
colors. (f) Crystal structure of HIV-1 PR (PDB: 4DJP).
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I-2.3 Cluster analysis 
  The coordinates of substrates, inhibitors, ions, water molecules and all other hetero-atoms 
were removed from all of the data. Firstly, the main-chain atoms are extracted from every 
structure. The extracted coordinates are fitted to that of the wild type. Then the average 
coordinates of the main-chain atoms are derived from the 146 structures in the case of Hb. All 
of the structures are fitted to the average one to calculate the root square deviations (RMSDs). 
Then a 146×146 matrix of RMSD values were generated from 146 crystal structures. 
Euclidean distance was calculated in the RMSDs matrix. Based on the RMSDs, the structures 
are classified into groups by performing cluster analysis with the nearest neighboring method 
using the “hclust” function of R software17, 18. Finally, amino mutation, space group of the 
crystal, species of protein sources, Matthews coefficient, resolution X-ray diffraction, and 
crystallization conditions were surveyed for every structure of the respective clusters. In the 
nearest neighboring method, 146 structures initially provide 146 clusters with each cluster 
being composed of a single member. One pair of clusters that have the nearest distance is 
merged and the number of clusters is decreased by one. By repeating the search of the nearest 
two clusters and merging them, all of the structures are finally connected as a tree called a 
dendrogram. The x-axis of the dendrogram is the label number for the crystal structures. The 
y-axis is the distance for the least dissimilarity among the individual crystal structures based 
on RMSD matrix. To classify the crystal structures from the dendrogram, the criteria of 
distance for separation or the number of groups should be determined in advance. In the 
present study, the number of groups was determined in the respective cluster analysis and the 
number was set to 5 in case of Hb. As for Mb, HEWL, HSA and HIV-1 PR, the same 
procedure was performed for cluster analysis. 
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I-2.4 The nearest neighboring method 
The nearest neighboring method is one of the data-handling schemes in the 
hierarchical clustering analysis. This method is a kind of techniques called as the 
single link algorithm. Here is an example to illustrate this method. 
 
 
 
 
 
 
 
 
Figure I-2.4.1: Five points in 2-dimensional space. Their coordinate are shown in the 
right table. 
Step 1: Calculate the distance from each point to all other points, using Euclidean 
distance measurement, and place the numbers in a distance matrix. 
d(p1, p2)   =     ( xp1 – xp1 )2+ ( yp1 - yp2 )2  
          =     ( 0.1-0.3 )2 + ( 0.4-0.3 )2 
                            =    0.223 
 p1 p2 p3 p4 p5 
p1 0 0.223 0.070 0.316 0.320 
p2 0.223 0 0.158 0.223 0.111 
p3 0.070 0.158 0 0.254 0.250 
p4 0.316 0.223 0.254 0 0.180 
p5 0.320 0.111 0.250 0.180 0 
Table I-2.4.1: The distance from each point to all other points.  
       |       |       |      |  
0     0.1     0.2     0.3    0.4  
0.5 - 
0.4 - 
0.3 - 
0.2 - 
0.1 - 
x 
y 
.3 .1 .2 
.4 
 x y 
p1 0.1 0.4 
p2 0.3 0.3 
p3 0.15 0.35 
p4 0.2 0.1 
P5 0.35 0.2 
 
.5 
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Step 2: Identify the two points with the shortest distance in the matrix, and merge 
them together. 
 p1 p2 p3 p4 p5 
p1 0 0.223 0.070 0.316 0.320 
p2 0.223 0 0.158 0.223 0.111 
p3 0.070 0.158 0 0.254 0.250 
p4 0.316 0.223 0.254 0 0.180 
p5 0.320 0.111 0.250 0.180 0 
 
Table I-2.4.2: The two points with the smallest distance. They are in the left table and 
merged in the right table. 
In the table, p1 and p3 have the nearest distance from all. Then, we merge those two 
points in a single cluster, and re-compute the distance matrix. 
 
Figure I-2.4.2: First merge in clustering. The points with smallest distance are merged 
and are clustered together.  
Since we have merged (p1, p3) together in a cluster, we now have one entry for (p1, 
p3) in the table. In this stage, we need to re-compute the distance from each point to 
our new cluster. In the single link method, the proximity of two clusters is defined as 
the minimum of the distance between any two points in the two clusters. For example, 
the distance between (p1, p3) and p2 will be calculated as follows: 
    dist( (p1, p3),  p2 )  =   MIN ( dist(p1, p2) ,  dist(p3, p2) ) 
 p1,p3 p2 p4 p5 
p1,p3 0 0.158 0.254 0.250 
p2 0.158 0 0.223 0.111 
p4 0.254 0.223 0 0.180 
p5 0.250 0.111 0.180 0 
1     3 
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          =   MIN ( 0.223 ,  0.158 ) //from original matrix     
                =   0.158 
Step 3: Repeat Step 2 until all clusters are merged. 
 
 
Figure I-2.4.3: Second merge in clustering. The points with smallest distance are 
merged and are clustered together. 
Step 4: Repeat Step 2 until all clusters are merged. 
 
 
 
 
 
 p1,p3 p2,p5 p4 
p1,p3 0 0.158 0.254 
p2,p5 0.158 0 0.180 
p4 0.254 0.180 0 
 p1,p3 p2 p4 p5 
p1,p3 0 0.158 0.254 0.250 
p2 0.158 0 0.223 0.111 
p4 0.254 0.223 0 0.180 
p5 0.250 0.111 0.180 0 
 p1,p3 p2,p5 p4 
p1,p3 0 0.158 0.254 
p2,p5 0.158 0 0.180 
p4 0.254 0.180 0 
 p1,p2,p3,p5 p4 
p1,p2,p3,p5 0 0.180 
p4 0.180 0 
1     3    2    5 
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Figure I-2.4.4: Third merge in clustering. The points with smallest distance are 
merged and are clustered together. 
Step 5: Repeat Step 2 until all clusters are merged. 
 
 
 
 
 
Figure I-2.4.5: Fourth merge in clustering. The points with smallest distance are 
merged and are clustered together. 
Stopping condition: each object is placed in a separate cluster, and at each step we 
merge the closest pair of clusters until certain termination conditions are satisfied19. 
 p1,p2,p3,p5 p4 
p1,p2,p3,p5 0 0.180 
p4 0.180 0 
1     3    2    5 
1     3    2    5    4 
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I-3. RESULTS 
I-3.1 Clustering of crystal structures of Hb 
A dendrogram deduced from cluster analysis is shown in Figure I-3.1.1(a). From the shape 
of the tree and the branches, the protein crystal structures of Hb are separated into 5 clusters. 
The clusters are labeled from group 1 to group 4 that are from major to minor in number of 
members. The structures not assigned to groups 1-4 are categorized into group 5. A list of 
cluster members of the respective groups is present in List I-3.1.1. The numbers in the 
respective groups are 52, 40, 16, 11 and 27. About 36% of the structures belong to the largest 
cluster, group 1. Group 2 accounts for 27% of the structures. The smallest cluster, group 4, 
contains less than 8% of the structures. 
The average structure obtained for each cluster group is superimposed on that of group 1 
for comparison (Fig. I-3.1.1(b)). Hb is composed of four polypeptide subunits, two α and two 
β-chains. Each α-chain contains seven helical and seven non-helical segments, while each 
β-chain contains eight helical and six non-helical segments (Fig. I-2.2.1(b))20. Protein 
structures exhibit C2 symmetry due to the orientation of the α1β1 dimer relative to α2β221. A 
structural comparison between groups 1 and 2 shows large deviations at helical segment F in 
the α-chain and at helical segment A in the β-chain (Fig. I-3.1.1(b):(2↔1) ). The amplitude of 
structural deviation between groups 1 and 3 is obviously larger than that between groups 1 
and 2 and that between groups 1 and 4. In the comparison of groups 1 and 3, the deviation at 
helical segment B in the α-chain and helical segment H in the β-chain is small as shown by 
the cyan color in Figure I-3.1.1(b):(3↔1). A comparison between groups 1 and 4 in Figure 
I-3.1.1(b):(4↔1) shows a large structural difference at segments A and G of the α-chain and 
the segments D, E and F in the β-chain. The deviations are also distributed symmetrically to 
the other dimer. In the comparison of groups 1 and 5, the deviation is partially small at helical 
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segments A, F, H in α-chains and B, F, H in β-chains, while the other parts show large 
differences (Fig. I-3.1.1(b):(5↔1)). 
To find a critical factor to characterize the respective clusters, the properties of the cluster 
members were examined in terms of crystallization condition, species of protein source and 
amino acid mutation. It was found that the primary factor to distinguish the crystal structures 
of Hb was the space group of the crystal as shown in Table I-3.1.1. The major space group in 
the crystals of Hb is P 21 21 2, and the second one is P 1 21 1. The members of these two 
space groups reach 74.7% of all of the crystal structures. As seen in Table I-3.1.1, most of the 
crystal structures bearing the P 21 21 2 space group belong to group 1. Group 4 also contains 
crystal structures with the P 21 21 2 space group. Most of the crystal structures with the P 1 
21 1 space group are in group 2. Group 3 mainly contains crystal structures with P 21 21 21 
and P 32 2 1 space groups. Since group 5 consists of structures that are not assigned to the 
other groups, it is natural that the cluster members of group 5 are broadly distributed over the 
space groups. 
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Figure I-3.1.1: (a) Dendrogram for cluster analysis of crystal structures of Hb. Totally, 146 
structures were grouped into 5 clusters. The height of the tree indicates the root mean square 
distance of the main-chain atoms among the crystal structures. (b) Comparison of the average 
structures of cluster groups. Deviation of the main-chain atoms in the average structures of 
group 2, group 3, group 4 and group 5, measured from that of group 1. The deviation 
increases as the color changes from cyan to red. 
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List I-3.1.1: Member of each group in the cluster analysis for Hb 
group1 1A0U 1B86 1GZX 1HBA 1HBB 1HGA 1HGB 1HGC 1KD2 1NIH 1RPS 1RQ3 
1THB 1XXT 1XY0 1XYE 1XZ5 1XZ7 1XZU 1XZV 1Y09 1Y0A 1Y0C 1Y0T 
1Y0W 1Y22 1Y2Z 1Y31 1Y35 1Y45 1Y46 1Y4B 1Y4F 1Y4G 1Y4P 1Y4Q 
1Y4R 1Y4V 1Y5F 1Y5J 1Y5K 1Y7C 1Y7D 1Y7G 1Y7Z 1Y83 1YE2 1YGF 
1YH9 1YHE 1YIH 3HXN  
group2 1A00 1A01 1A0Z 1BZ0 1BZZ 1C7B 1CLS 1COH 1DXU 1DXV 1G9V 1GBU 
1GBV 1GLI 1HDB 1J7S 1J7W 1J7Y 1K0Y 1O1O 1QI8 1QSH 1QSI 1R1Y 
1VWT 1XZ2 1XZ4 2DN2 2DXM 2HHB 2HHD 2W6V 2W72 3DUT 3HHB 3KMF 
3NMM 3QJD 3QJE 4HHB  
group3 1BBB 1CMY 1M9P 1NEJ 1NQP 1QXD 1QXE 1SHR 1SI4 1YVQ 2RAO 3IC0 
3IC2 3LQD 3R5I 3S65 
group4 1RQA 1Y8W 1YDZ 1YE1 1YEO 1YEQ 1YEU 1YG5 1YGD 1YHR 1YIE 
group5 1BIJ 1DKE 1FAW 1FHJ 1FN3 1HAB 1HAC 1MKO 1QPW 1SDK 1SDL 1Y8H 
1Y8I 1Y8K 1YE0 2PGH 2QLS 2QMB 3D17 3FS4 3GDJ 3GOU 3HRW 3K8B 
3MJP 3ODQ 3VRE  
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Table I-3.1.1: Number of crystal structures classified by space group for hemoglobin (Hb) 
space group group1 group2 group3 group4 group5 total 
P 21 21 2 50(0.96)2) 0(0.00) 0(0.00) 11(1.00) 2(0.07) 63 
P 1 21 1 2(0.04) 36(0.90) 1(0.06) 0(0.00) 7(0.26) 46 
P 21 21 21 0(0.00) 4(0.10) 7(0.44) 0(0.00) 13(0.48) 24 
P 32 2 1 0(0.00) 0(0.00) 6(0.38) 0(0.00) 0(0.00) 6 
others 1) 0(0.00) 0(0.00) 2(0.13) 0(0.00) 5(0.19) 7 
total 52 40 16 11 27 146 
1) Others is the sum of those for C 1 2 1, P 41 21 2, P 1 and P 61 2 2 space groups. 
2) The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. 
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I-3.2 Clustering of crystal structures of Mb 
A dendrogram obtained from cluster analysis of Mb is shown in Figure I-3.2.1(a). Judging 
from the shape of the tree, 284 structures of Mb are separated into 6 clusters (Fig. I-3.2.1). As 
was the case for the classification of Hb, the clusters are labeled from group 1 to group 5 from 
major to minor. The structures of group 6 are not assigned to any other groups. The numbers 
of structures in the groups are 129, 57, 46, 19, 7, 26, respectively. A list of cluster members of 
the respective groups is shown in List 3.2.1. The largest cluster, group 1, contains about 45% 
of the structures. The smallest cluster, group 5, accounts for about 2% of the clusters. 
Mb is a monomeric heme protein comprised of eight right-handed α-helices that are 
connected by short non-helical segments (Fig. I-2.2.1(c))22, 23. The average structures of the 
respective groups were obtained and superimposed with that of group 1. A comparison 
between groups 1 and 3 (Fig. I-3.2.1(b):(3↔1)) indicates a structural difference at helical 
segment C and at the C-terminus. The deviation between groups 1 and 3 is obviously larger 
than that between groups 1 and 2 (Fig. I-3.2.1(b):(2↔1)). Furthermore, there is large 
amplitude in deviation between helical segments G and H. A comparison of groups 1 and 4 
(Fig. I-3.2.1(b):(4↔1)) shows that there is a large difference in non-helical segments C-D and 
helical segment D. A comparison of groups 1 and 5 (Fig. I-3.2.1(b):(5↔1)) shows that there 
are remarkable deviations at helical segments C-D and the C-terminus.   
  The members of the respective clusters are classified in terms of space group (Table 
I-3.2.1). The major space group for the crystal of Mb is P 6. The second major one is P 1 21 1. 
The members of these two space groups reach 85% of the crystal structures. Most of the 
crystal structures bearing the P 6 space group are in group 1 as shown in Table I-3.2.1. Most 
of the crystal structures bearing the P 1 21 1 space group are restricted to groups 2 and 3. 
Group 4 consists of all of the crystal structures with the P 21 21 21 space group. All the 
structures bearing the P 21 21 2 space group are restricted to group 5. Group 6 is composed of 
crystal structures with miscellaneous space groups.
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Figure I-3.2.1: (a) Dendrogram for cluster analysis of crystal structures of Mb. Totally, 284 
structures were grouped into 6 clusters. The height of the tree indicates the root mean square 
distance of the main-chain atoms among the crystal structures. (b) Comparison of the average 
structures of cluster groups. Deviation of the main-chain atoms in the average structures of 
group 2, group 3, group 4, group 5 and group 6, measured from that of group 1. The deviation 
increases as the color changes from cyan to red. 
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List I-3.2.1: Member of each group in the cluster analysis for Mb 
group1 101M 102M 103M 106M 107M 108M 109M 110M 111M 112M 1ABS 1CH1 
1CH2 1CH3 1CH5 1CH7 1CH9 1CIK 1CIO 1CO8 1CO9 1CP0 1CP5 1CPW 
1DO1 1DO3 1DO4 1DO7 1DTI 1DTM 1DUK 1DUO 1DXC 1DXD 1F63 1F65 
1FCS 1H1X 1IOP 1IRC 1J52 1JDO 1JW8 1LTW 1LUE 1MCY 1MGN 1MLF 
1MLG 1MLH 1MLJ 1MLK 1MLL 1MLM 1MLN 1MLO 1MLQ 1MLR 1MLS 1MLU 
1MOA 1MOB 1MOC 1MOD 1MTI 1MTJ 1MTK 1MYM 1MYZ 1MZ0 1N9F 1N9H 
1N9I 1N9X 1NAZ 1O16 1OBM 1OFJ 1OFK 1TES 2BLH 2BLI 2BLJ 2BW9 
2BWH 2E2Y 2G0R 2G0S 2G0V 2G0X 2G0Z 2G10 2G11 2G12 2G14 2MBW 
2MGA 2MGB 2MGC 2MGD 2MGE 2MGF 2MGG 2MGH 2MGI 2MGJ 2MGK 2MGL 
2MGM 2OH8 2OH9 2OHA 2OHB 2SPL 2SPM 2SPN 2SPO 2W6W 2W6X 2W6Y 
3A2G 3ASE 3H57 3H58 3O89 3U3E 4H07 4H0B 4IT8 
group2 104M 1AJG 1AJH 1BZ6 1BZP 1BZR 1CQ2 1JP6 1JP8 1MBC 1MBD 1MBI 
1MBO  1SWM  1VXC 1VXD 1VXE 1VXF 1VXG 1VXH 1YOG 1YOH 1YOI  
2MB5 2MYA 2MYB 2MYC 2MYD 2MYE 2Z6S 2ZSN 2ZSO 2ZSP 2ZSQ 2ZSR 
2ZSS 2ZST 2ZSX 2ZSY 2ZSZ 2ZT0 2ZT1 2ZT2 2ZT3 2ZT4 3E4N 3E55 
3E5I 3E5O 3ECL 3ECX 3ECZ 3ED9 3EDA 3EDB 4MBN 5MBN  
group3 1AZI 1BJE 1DWR 1DWS 1DWT 1GJN 1HSY 1NPF 1NPG 1NZ2 1NZ3 1NZ4 
1NZ5 1RSE 1WLA 1XCH 1YMA 1YMB 1YMC 2FRF 2FRI 2FRJ 2FRK 2NSR 
2O58 2O5B 2O5L 2O5M 2O5O 2O5Q 2O5S 2O5T 2V1E 2V1F 2V1G 2V1H 
2V1I 2V1J 2V1K 2VLX 2VLY 2VLZ 2VM0 3LR9 4DC7 4DC8  
group4 1BVC 1BVD 1U7R 1UFJ 1UFP 1V9Q 2EVK 2EVP 3K9Z 3M38 3M39 3M3B 
3MN0 3SDN 4FWX 4FWY 4FWZ 4MXK 4MXL  
group5 1MNH 2IN4 3HC9 3HEN 3HEO 3HEP 3RJN 
group6 105M 1EBC 1EMY 1HJT 1HRM 1LHS 1LHT 1MBN 1MBS 1MNO 1SPE 1U7S 
1VXA 1VXB 2CMM 2EB8 2EKT 2EKU 2JHO 2NSS 3BA2 3M3A 3NML 3OGB 
3V2V 3V2Z  
 
   - 22 - 
Table I-3.2.1: Number of crystal structures classified by space group for myoglobin (Mb) 
space group group1 group2 group3 group4 group5 group6 total 
P 21 21 21 6(0.05)2) 0(0.00) 3(0.07) 19(1.00) 0(0.00) 7(0.27) 35 
P 1 21 1 0(0.00) 57(1.00) 43(0.93) 0(0.00) 2(0.29) 14(0.54) 116 
P 6 123(0.95) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 1(0.04) 124 
P 21 21 2 0(0.00) 0(0.00) 0(0.00) 0(0.00) 5(0.71) 0(0.00) 5 
others 1) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4(0.15) 4 
total 129 57 46 19 7 26 284 
1) Others is the sum of those for P 41, I 21, A 2 and P 61 2 2 space groups. 
2) The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. For example, group 1 contains 129 structures and 95% of the 129 
structures bear a P 6 space group. 
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I-3.3 Clustering of crystal structures of HEWL  
A dendrogram obtained from cluster analysis of HEWL is shown in Figure I-3.3.1(a). The 
336 crystal structures of HEWL are separated into 5 clusters. The numbers of members in the 
groups are 276, 25, 12, 11 and 12, respectively, and the cluster members are shown in List 
3.3.1. About 82% of the structures are in the largest cluster, group 1. The smallest cluster, 
group 4, accounts for about 3% of the structures. 
  HEWL consists of an α helical region of four α-helices and one 310-helix, one 
triple-stranded anti-parallel β-sheet and an irregular loop with two disulphide bridges (Fig. 
I-2.2.1(d))24, 25. A comparison between groups 1 and 3 shows structure differences at the 
irregular loop and helical segment C (Fig. I-3.3.1(b):(3↔1)). The deviation between groups 
1and 3 is larger than that between groups 1 and 2 (Fig. I-3.3.1(b):(2↔1)). A comparison of 
groups 1 and 4 (Fig. I-3.3.1(b):(4↔1)) indicates that deviations are broadly distributed over 
helical segments A, C and D, β-sheet C segment and the irregular loop. A comparison of 
groups 1 and 5 shows that there is a notable deviation at helical segment D and the irregular 
loop (Fig. I-3.3.1(b) (5↔1)). 
  The members of the respective clusters are classified in terms of space group (Table 
I-3.3.1). The major space group for the crystals of HEWL is P 43 21 2, which is in about 88% 
of the structures. The second major space group is P 21 21 21, which is in about 5% of the 
structures. In Table I-3.3.1, group 1 consists only of crystal structures with P 43 21 2. The 
remaining crystal structures with P 43 21 2 are distributed in group 4 and group 5. All of the 
crystal structures bearing the P 21 21 21 space group are in group 2. All structures bearing P 1 
are in group 3. In addition to structures bearing P 43 21 2, group 5 contains crystal structures 
bearing P 1 21 1.
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Figure I-3.3.1: (a) Dendrogram for cluster analysis of crystal structures of HEWL. Totally, 
336 structures were grouped into 5 clusters. (b) Comparison of the average structures of 
cluster groups. See also the figure caption of Fig. I-3.1.1. 
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List I-3.3.1: Member of each group in the cluster analysis for HEWL 
group1 193L 194L 1AZF 1B0D 1BHZ 1BVX 1BWH 1BWI 1BWJ 1C10 1DPW 1DPX 
1FLQ 1FLU 1FLW 1FLY 1FN5 1GWD 1H6M 1H87 1HEL 1HEM 1HEN 1HEO 
1HEP 1HEQ 1HER 1HEW 1IEE 1IO5 1IOQ 1IOR 1IOS 1IOT 1IR7 1IR8 
1IR9 1JIS 1JIT 1JIY 1JJ0 1KXW 1KXX 1KXY 1LPI 1LSA 1LSB 1LSC 
1LSD 1LSE 1LSF 1LSM 1LSN 1LSY 1LSZ 1LYO 1LZ8 1LZ9 1LZA 1LZB 
1LZC 1LZD 1LZE 1LZG 1N4F 1QIO 1QTK 1RFP 1T3P 1UC0 1UIC 1UID 
1UIE 1UIF 1UIG 1UIH 1VAT 1VAU 1VDS 1VDT 1W6Z 1YIK 1YIL 1YKX 
1YKY 1YKZ 1YL0 1YL1 1Z55 2A7D 2A7F 2AUB 2BLX 2BLY 2BPU 2C8O 
2C8P 2CDS 2CGI 2D91 2EPE 2G4P 2G4Q 2H9J 2H9K 2HTX 2HU1 2HU3 
2HUB 2I6Z 2LYM 2LYO 2LYZ 2Q0M 2W1L 2W1M 2W1X 2W1Y 2WAR 2X0A 
2XBR 2XJW 2XTH 2YBH 2YBI 2YBJ 2YBL 2YBM 2YBN 2YDG 2YVB 2ZYP 
3A34 3A3Q 3A3R 3A8Z 3A90 3A91 3A92 3A93 3A94 3A95 3A96 3AGG 
3AGH 3AGI 3AJN 3ATN 3ATO 3AW6 3AW7 3AZ6 3AZ7 3B6L 3B72 3EMS 
3EXD 3IJU 3KAM 3LYM 3LYO 3LYZ 3M3U 3N9A 3N9C 3N9E 3OJP 3OK0 
3P4Z 3P64 3P65 3P66 3P68 3QNG 3QY4 3RNX 3RT5 3RU5 3RW8 3RZ4 
3SP3 3T6U 3TMU 3TMV 3TMW 3TMX 3TXD 3TXE 3TXF 3TXG 3TXH 3TXI 
3TXJ 3TXK 3W6A 3ZEK 4A7D 4AGA 4AXT 4B0D 4B1A 4B49 4B4E 4B4I 
4B4J 4BAD 4BAF 4BAP 4BS7 4DD0 4DD2 4DD3 4DD4 4DD6 4DD7 4DD9 
4DDA 4DDB 4DT3 4E3U 4ET8 4ET9 4ETA 4ETB 4ETC 4ETD 4ETE 4FJR 
4G49 4G4A 4G4B 4G4C 4G4H 4GCB 4GCC 4GCD 4GCE 4GCF 4H8X 4H8Y 
4H8Z 4H90 4H91 4H92 4H93 4H94 4H9A 4H9B 4H9C 4H9E 4H9F 4H9H 
4H9I 4HSF 4HTK 4HTN 4HTQ 4HV1 4HV2 4I8S 4IAS 4IAT 4II8 4J1A 
4J1B 4LFP 4LFX 4LGK 4LYM 4LYO 4N8Z 5LYT 6LYT 6LYZ 8LYZ 9LYZ  
group2 1AKI 1BGI 1F0W 1F10 1HSW 1HSX 1JJ1 1JPO 1LMA 1LYZ 1PS5 1VDQ 
1VED 1WTM 1WTN 2PC2 2ZQ3 2ZQ4 3AZ4 4D9Z 4EOF 4J7V 4LYZ 5LYZ 
7LYZ 
group3 1LKS 1LZN 1LZT 1V7S 2F2N 2F30 2F4A 2F4G 2LZT 2VB1 3LZT 4LZT  
group4 1JA2 1JA4 1JA6 1JA7 1SF4 1SF6 1SF7 1SFB 1SFG 2A6U 2FBB 
group5 1XEI 1XEJ 1XEK 2D4J 2HS7 2HS9 2HSO 2Z12 2Z18 2Z19 3IJV 3TXB  
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Table I-3.3.1: Number of crystal structures classified by space group for hen egg white 
lysozyme (HEWL) 
space group group1 group2 group3 group4 group5 total 
P 43 21 2 276(1.00)2) 3(0.12) 0(0.00) 10(0.91) 5(0.42) 294 
P 21 21 21 0(0.00) 18(0.72) 0(0.00) 0(0.00) 0(0.00) 18 
P 1 21 1 0(0.00) 1(0.04) 0(0.00) 0(0.00) 7(0.58) 8 
P 1 0(0.00) 1(0.04) 11(0.92) 0(0.00) 0(0.00) 12 
others 1) 0(0.00) 2(0.08) 1(0.08) 1(0.09) 0(0.00) 4 
total 276 25 12 11 12 336 
1) Others is the sum of those for C 1 2 1, P 61 2 2 and A 1 space groups. 
2) The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. 
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I-3.4 Clustering of crystal structures of HSA  
  A dendrogram obtained from cluster analysis of HSA is shown in Figure I-3.4.1(a), in which 
the 63 crystal structures are separated into 3 clusters. The structures in group 3 are those not 
assigned to groups 1 and 2. The three cluster groups contain 35, 23 and 5 members as shown in 
List 3.4.1. The number of structures in groups 1 and 2 accounts for 87% of the total number of 
structures. 
HSA consists of three homologous domains labeled I, II, and III. Each domain is further 
classified into two subdomains, A and B (Fig. I-2.2.1(e))26. A comparison of the average 
structures indicates that the distribution of deviations between groups 1 and 2 (Fig. 
I-3.4.1(b):(2↔1)) is almost the same to that between groups 1 and 3 (Fig. I-3.4.1(b):(3↔1)). 
The structure deviations are prominent at domain I, domain IIA, and domain IIIB. In a 
comparison of groups 2 and 3 (Fig. I-3.4.1(b):(3↔2)), the deviation is obvious at domain 
IIIB.  
The members of the respective clusters are classified in terms of space group (Table 
I-3.4.1). All of the crystal structures bearing a C 1 2 1 space group are in group 1, and they 
account for 94% of the members in group 1. Most of members with a P 1 space group are in 
group 2. Since group 3 consists of structures not assigned to other groups, group 3 contains 
other miscellaneous space groups. 
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Figure I-3.4.1: Dendrogram for cluster analysis of crystal structures of HSA. Totally, 63 
structures were grouped into 3 clusters. (b) Comparison of the average structures of cluster 
groups. Deviations of the main-chain atoms in the average structures of group 1, group 2 and 
group 3 are compared.
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List I-3.4.1: Member of each group in the cluster analysis for HSA 
group1 1BJ5 1BKE 1E7C 1E7E 1E7F 1E7G 1E7H 1E7I 1GNI 1GNJ 1H9Z 1HA2 
1HK4 1HK5 1N5U 2BXI 2BXK 2BXL 2BXM 2BXN 2BXO 2BXP 2BXQ 2I30 
2XSI 2XVV 2XVW 3B9L 3B9M 3CX9 3SQJ 3UIV 4BKE 4L8U 4LB9 
group2 1AO6 1BM0 1E78 1E7A 1E7B 2BX8 2BXB 2BXC 2BXD 2BXF 2BXG 3LU6 
3LU7 3LU8 4EMX 4G03 4G04 4IW2 4K2C 4L9K 4L9Q 4LA0 4LB2  
group3 1O9X 1UOR 4K71 4N0F 4N0U  
 
 
 
 
 
 
Table I-3.4.1: Number of crystal structures classified by space group for human serum 
albumin (HSA) 
space group group1 group2 group3 total 
C 1 2 1 33(0.94)2) 0(0.00) 0(0.00) 33 
P 1 1(0.03) 21(0.91) 0(0.00) 22 
others 1) 1(0.03) 2(0.09) 5(1.00) 8 
total 35 23 5 63 
1) Others is the sum of those for P 1 21 1, P 41 21 2 and P 21 21 2 space groups 
2) The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. 
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I-3.5 Clustering of crystal structures of HIV-1 PR  
A dendrogram obtained from cluster analysis of HIV-1 PR is shown in Figure I-3.5.1(a). 
The 488 crystal structures of HIV-1 PR are separated into 6 clusters. Group 6 consists of 
structures that were not assigned to groups 1–5, and a list of cluster members is provided in 
List 3.5.1. The numbers of group members are 171, 77, 63, 44, 17, and 116, respectively. The 
largest cluster is group 1 and it contains 35% of the structures. The smallest cluster, group 5, 
contains less than 3% of the structures. 
  HIV-1 PR is composed of functional regions named flap, cantilever, elbow, catalytic triad, 
and fulcrum (Fig. I-2.2.1(f)).27 A comparison of average structures in Fig. I-3.5.1(b):(5↔1) 
indicates that the flap and elbow regions have large structural differences among clusters. 
Furthermore, the flap is semi-opened in group 5 and the shape is quite different from those of 
other groups. 
  The members of the respective clusters are classified in terms of space group (Table 
I-3.5.1). It is notable that most of the crystal structures with a P 21 21 2 space group are in 
group 1. Most of the members of groups 2 and 4 have a P 21 21 21 space group. Most of the 
crystal structures with a P 61 space group belong to group 3. Most of the crystal structures 
with a P 41 space group belong to group 5. Since group 6 is a mixed group, this group 
includes crystals with all kinds of space groups.
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Figure I-3.5.1: (a) Dendrogram for cluster analysis of crystal structures of HIV-1 PR. Totally, 
488 structures were grouped into 6 clusters. (b) Comparison of the average structures of 
cluster groups. See also the figure caption of Fig. I-3.1.1. 
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List I-3.5.1: Member of each group in the cluster analysis for HIV-1 PR 
group1 1A30 1AJV 1AJX 1D4H 1D4I 1D4J 1D4S 1D4Y 1EBW 1EBY 1EBZ 1EC0 
1EC1 1EC2 1EC3 1FFI 1FG6 1G2K 1G35 1HPO 1HSG 1HTE 1HTG 1IIQ 
1IZH 1MRW 1MRX 1MSM 1MSN 1NPA 1NPV 1NPW 1SDT 1SDV 1T7K 1TCX 
1W5V 1W5W 1W5X 1W5Y 1WBK 1WBM 1XL5 1YT9 2A1E 2A4F 2AOC 2AOD 
2AOE 2AOF 2AOG 2AOH 2AOI 2AOJ 2AVM 2AVQ 2BB9 2BBB 2BPV 2BPW 
2BPY 2BPZ 2BQV 2CEJ 2CEM 2CEN 2F80 2F81 2F8G 2HB3 2I4D 2I4U 
2I4V 2I4W 2I4X 2IEN 2IEO 2NNK 2O4K 2O4L 2O4N 2O4P 2O4S 2PK5 
2PK6 2PQZ 2PWC 2PWR 2QCI 2QD6 2QD8 2QMP 2QNN 2QNP 2QNQ 2R38 
2R3T 2R3W 2R43 2UPJ 2UXZ 2UY0 2WL0 2Z4O 2ZYE 3A2O 3B7V 3B80 
3BGB 3BGC 3BVA 3BVB 3CYW 3CYX 3D1X 3D1Y 3D1Z 3D20 3DJK 3DK1 
3FX5 3H5B 3I6O 3JVW 3JVY 3JW2 3KDB 3KDC 3KDD 3KF0 3KFN 3M9F 
3NLS 3NU3 3NU4 3NU5 3NU6 3NU9 3NUJ 3NUO 3PWM 3PWR 3QAA 3QBF 
3QIH 3QN8 3QP0 3QPJ 3QRM 3QRO 3QRS 3S43 3S54 3ST5 3TH9 3VF5 
3VFA 3ZPS 3ZPT 3ZPU 4A4Q 4A6B 4A6C 4DFG 4E43 4FL8 4GB2 4HDB 
4HE9 4PHV 5HVP  
group2 1A8K 1A94 1HXW 1KJG 1KZK 1MT7 1T3R 1T7I 1T7J 1YTG 1YTH 2AID 
2F3K 2I0A 2I0D 2NXD 2NXL 2NXM 2PSU 2PSV 2Q54 2Q55 2Q5K 2QHY 
2QHZ 2QI0 2QI1 2QI3 2QI4 2QI5 2QI6 2QI7 3EKQ 3EKV 3EKW 3EKY 
3EL5 3EM3 3EM4 3EM6 3GGA 3GI4 3GI5 3GI6 3I7E 3MXD 3MXE 3O99 
3O9A 3O9B 3O9C 3O9D 3O9E 3O9F 3O9G 3O9H 3O9I 3OXX 3SA3 3SA4 
3SA6 3SA7 3SA8 3SA9 3SAA 3SAB 3SAC 4DJO 4DJP 4DJQ 4DJR 4EP3 
4EPJ 4F73 4F74 4F75 4F76  
group3 1A8G 1AAQ 1AXA 1BV7 1BV9 1BWA 1BWB 1FQX 1G6L 1GNM 1GNN 1GNO 
1HBV 1HOS 1HPS 1HPV 1HTF 1HWR 1HXB 1IZI 1LV1 1LZQ 1M0B 1MER 
1MES 1MET 1MEU 1MUI 1ODX 1ODY 1PRO 1QBR 1QBT 1QBU 1SBG 1VIJ 
1ZLF 2AQU 2AVV 2FDE 2FLE 2NPH 2PYN 2Q63 2Q64 2QAK 2QHC 2RKF 
2WHH 2Z54 3DOX 3K4V 3KT2 3KT5 3N3I 3NDT 3NDU 3QOZ 3TOG 4HLA 
4I8W 4I8Z 9HVP  
group4 1DAZ 1DW6 1F7A 1FEJ 1FF0 1FFF 1FG8 1FGC 1K1T 1K1U 1K2B 1K2C 
1K6C 1K6P 1K6T 1K6V 1KJ7 1KJF 1MT8 1MT9 1MTB 1SDU 1TSQ 2AVO 
2AVS 2FGU 2FXE 2IDW 2NMZ 2NNP 2QD7 3EKX 3EL1 3EL4 3EL9 3NDX 
3SA5 3TOF 3TOH 4DQB 4DQC 4DQE 4DQG 4DQH  
group5 1RPI 1RQ9 1RV7 1TW7 3OTS 3OTY 3OU1 3OU3 3OU4 3OUA 3OUB 3OUC 
3OUD 3R0W 3R0Y 3UF3 4EYR  
group6 1A9M 1AID 1BDL 1BDQ 1BDR 1C6X 1C6Y 1C6Z 1C70 1DIF 1EBK 1HIH 
1HII 1HPX 1HSH 1HSI 1HVH 1HVI 1HVJ 1HVK 1HVL 1HVS 1JLD 1KJ4 
1KJH 1N49 1NH0 1ODW 1OHR 1RL8 1SGU 1SH9 1SIV 1SP5 1TCW 1TSU 
1U8G 1VIK 1XL2 1ZTZ 2AZC 2B60 2B7Z 2BPX 2FDD 2FGV 2FNS 2FNT 
2FXD 2HC0 2HS1 2HS2 2NMY 2PYM 2Q3K 3AID 3BHE 3CKT 3EBZ 3EC0 
3ECG 3EKP 3EKT 3EL0 3GGU 3GGV 3GGX 3KFR 3KFS 3MWS 3OK9 3OXC 
3OXV 3OXW 3OY4 3R4B 3S45 3S53 3S56 3S85 3SO9 3SPK 3T11 3T3C 
3TTP 3U7S 3UCB 3UFN 3VF7 3VFB 4EJ8 4EJD 4EJK 4EJL 4EP2 4EQ0 
4FAE 4FAF 4FLG 4FM6 4GYE 4GZF 4HDF 4HDP 4HEG 4J54 4J55 4J5J 
4JEC 4K4P 4K4Q 4K4R 4KB9 5UPJ 6UPJ 7UPJ  
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Table I-3.5.1: Number of crystal structures classified by space group for HIV-1 protease 
space group group1 group2 group3 group4 group5 group6 total 
P 21 21 2 170(0.99)2) 1(0.01) 0(0.00) 0(0.00) 0(0.00) 17(0.15) 188 
P 21 21 21 1(0.01) 71(0.92) 0(0.00) 44(1.00) 1(0.06) 53(0.46) 170 
P 61 0(0.00) 0(0.00) 58(0.92) 0(0.00) 0(0.00) 19(0.16) 77 
P 41 0(0.00) 0(0.00) 0(0.00) 0(0.00) 16(0.94) 2(0.02) 18 
P 1 21 1 0(0.00) 3(0.04) 5(0.08) 0(0.00) 0(0.00) 8(0.07) 16 
others 1) 0(0.00) 2(0.03) 0(0.00) 0(0.00) 0(0.00) 17(0.15) 19 
total 171 77 63 44 17 116 488 
1) Others is the sum of those for C 1 2 1, I 41 2 2, I 2 2 2, P 1, P 1 1 21, P 43, P 41 21 2 and P 
43 21 2 space groups. 
2) The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. 
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I-3.6 Molecular geometry in the protein crystals 
In order to examine the influence of crystal packing on the structural deviations in Figures. 
I-3.1.1-I-3.5.1, the molecular geometry in protein crystals were examined. The crystal 
packing arrangement for every cluster group of Mb is shown in Figure I-3.6.1 for example. In 
group 1, 95% crystal structures bear the P 6 space group and they are in the hexagonal form. 
Several segments of the protein are near to the neighboring molecules, such as N-terminus, 
non-helical segment C-D, helical segment E, helical segment F, non-helical segment G-H and 
C-terminus. A magnified view at the protein-protein contact in the crystal packing with the P 
6 space group in group 1 is shown in Figure I-3.6.2(a). The closest distance at the molecular 
contact is about 2.8Å. The distance is in the similar range to hydrogen binding. All the crystal 
structures in group 2 bears the P 1 21 1 space group and they are in the monoclinic form. 
Some segments of the protein such as helical segment C, non-helical segment C-D, 
non-helical segment D-E, non-helical segment E-F, helical segment H and C-terminus are 
close to the neighboring molecules. The comparison of the average structures between groups 
1 and 2 indicates a large deviation at helical segment C and C-terminus (Fig. I-3.2.1(b)). The 
helical segment C is located at the contact only for group 2, while C-terminus is at the contact 
both in groups 1 and 2. Hence, the difference in the average structure is not completely 
compatible with the molecular contact. Most of the crystal structures in group 3 (93%) and 
half of the crystal structures in group 6 (54%) have the P 1 21 1 space group that is the 
popular space group in group 2. The non-helical segment G-H of group 3 is largely deviated 
from that of group 1, while the deviation of this segment is small in group 2 and 6. The 
deviation of C-terminus of group 6 is not so large as those of groups 2 and 3. Although the 
crystal packing arrangements are common among groups 2, 3 and 6, the comparison of these 
average structures in Figure I-3.2.1(b) show that the structural deviation is not always 
observed at the same regions. In group 4, all the crystal structures bear the P 21 21 21 space 
group and they are in the orthorhombic form. There are many segments making contact to the 
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neighboring molecules such as N-terminus, helical segment B, non-helical segment C-D, 
non-helical segment E-F, helical segment G and non-helical segment G-H. Large structural 
deviations are observed in N-terminus, helical segment B, helical segment D and non-helical 
segment C-D (Fig. I-3.2.1(b)). A comparison between the crystal packing arrangement in 
Figure I-3.6.1 and the structural deviation in Figure I-3.2.1(b) suggests that not all segments 
adjacent to the neighboring molecules show large deviations. In group 5, most of the crystal 
structures bear P 21 21 2 and they are in the orthorhombic form. Several segments such as 
helical segment A, non-helical segment A-B, non-helical segment C-D, helical segment D, 
helical segment H and C-terminus are close to the neighboring molecules while noticeable the 
deviations are observed at N-terminus, helical segment A, non-helical segment C-D and 
C-terminus. A magnified view at the contact in the crystal packing with the P 21 21 2 is 
shown in Figure I-3.6.2(b). This figure also show that the closest protein-protein distance is in 
the range of hydrogen binding.  
The packing arrangements for Hb, HEWL, HSA and HIV-1 PR are shown in Figure 
I-3.6.3-I-4.6.6. The large deviations are sometimes seen in the segments that are close to the 
neighboring molecules. A close examination with these figures suggests that the packing 
arrangement varies depending on the space group and, then, has an influence on the 
difference in protein structures among cluster groups, but the contact region is not always 
correlated with the structural deviations. 
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Figure I-3.6.1: Molecular geometry in the crystal packing for every cluster group of Mb. One 
crystal structure that belongs to the most major space group is selected as a representative of 
each cluster group. A: Arrangement of proteins in a crystal viewed from one crystal axis. B: 
Arrangement of proteins in the crystal viewed from another direction. C: Magnified view of 
the asymmetric unit. D: Protein structure in the selected crystal with its PDB code and space 
group. 
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Fig. I-3.6.2: Molecular contact in the crystal packing for Mb. (a) A crystal structure with the P 
6 space group in group 1 (PDB#: 101M). (b) A crystal structure with the P 21 21 2 space 
group in group 5 (PDB#: 1MNH). The protein-protein contact areas are shown in white. 
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Figure I-3.6.3: Molecular geometry in the crystal packing for every cluster group of Hb. One 
crystal structure that belongs to the most major space group is selected as a representative of 
each cluster group. A: Arrangement of proteins in a crystal viewed from one crystal axis. B: 
Arrangement of proteins in the crystal viewed from another direction. Only B in group 3 was 
obtained by the rotation of C. C: Magnified view of the asymmetric unit. D: Protein structure 
in the selected crystal with its PDB code and space group. 
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Figure I-3.6.4: Molecular geometry in the crystal packing for every cluster group of HEWL. 
One crystal structure that belongs to the most major space group is selected as a 
representative of each cluster group. A: Arrangement of proteins in a crystal viewed from one 
crystal axis. B: Arrangement of proteins in the crystal viewed from another direction. Bs in 
groups 1 and 4 were obtained by the rotation of C. C: Magnified view of the asymmetric unit. 
D: Protein structure in the selected crystal with its PDB code and space group. 
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Figure I-3.6.5: Molecular geometry in the crystal packing for every cluster group of HSA. 
One crystal structure that belongs to the most major space group is selected as a 
representative of each cluster group. A: Arrangement of proteins in a crystal viewed from one 
crystal axis. B: Arrangement of proteins in the crystal viewed from another direction. C: 
Magnified view of the asymmetric unit. D: Protein structure in the selected crystal with its 
PDB code and space group. 
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Figure I-3.6.6: Molecular geometry in the crystal packing for every cluster group of 
HIV-1 PR. One crystal structure that belongs to the most major space group is 
selected as a representative of each cluster group. A: Arrangement of proteins in a 
crystal viewed from one crystal axis. B: Arrangement of proteins in the crystal viewed 
from another direction. Bs in groups 2, 3 and 5 were obtained by the rotation of C. C: 
Magnified view of the asymmetric unit. D: Protein structure in the selected crystal 
with its PDB code and space group.
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I-4. DISCUSSION 
I-4.1 RMSD values of cluster groups 
To compare the structural difference among the cluster groups, RMSD values were 
calculated by superimposing of the average structures of each cluster group on that of group 1. 
The RMSD values for Hb were shown in Table I-4.1.1. The RMSD value between groups 1 
and 3 (4.323 Å) is largest among the other compared cluster groups. These results are 
consistent with Figure I-3.1.1. The amplitude of structural deviation between groups 1 and 3 
is obviously larger than that between group 1 and other groups. Although the RMSD between 
groups 1 and 2 (2.296 Å) is close to that between groups 1 and 4 (2.410 Å), the structural 
deviations are observed at the different regions in Figure I-3.1.1(b):(2↔1) and Figure 
I-3.1.1(b):(4↔1). Helical segment F in the α-chain and helical segment A in the β-chain 
exhibited large deviations between groups 1 and 2, while large structural differences are 
observed at segments A and G of the α-chain and the segments D, E and F in the β-chain 
between groups 1 and 4.  
As for Mb, RMSD value ranges from 2.281 Å to 2.436 Å in case of the comparison 
between groups 1 and other groups (Table I-4.1.2). The major space group is common 
between groups 2 and 3 (P 1 21 1). The crystal structures with the same space group between 
groups 2 and 3 show a large RMSD value (0.828 Å) compared to that between groups 2 and 4 
(0.613 Å) and that between groups 2 and 5 (0.583 Å). The RMSD value between groups 1 
and 2 is equal to that between groups 1 and 5. However, the structural deviations were 
observed at the different regions as shown in Figure I-3.2.1(b). The structural deviations in 
different regions is not explained only from RMSD values. 
In case of HEWL, RMSD value between groups 1 and 4 is larger than others (Table 
I-4.1.3). Although the comparison of the average structures between groups 1 and 3 exhibits a 
   - 43 - 
large deviation at the irregular loop (Fig. I-3.3.1b), the RMSD value for the whole part 
between groups 1 and 3 is less than that between groups 1 and 4. 
As for HSA, RMSD values range from 2.143 Å to 5.235 Å among all of the groups 
(Tables I-4.1.4). RMSD value (5.235 Å) between groups 1 and 2 exhibit a large difference. 
This difference is due to the change of the positions of domain IA and IB as seen in Figure 
I-3.4.1(b).  
In case of HIV-1 PR, The RMSD values among the groups 2, 3, and 4 are small and below 
0.55 Å, while those measured from groups 1 and 5 are large (Table I-4.1.5). This means that 
groups 2, 3, and 4 can be regarded as one big cluster. Hence, the reason why the crystal 
structures with the same space group are separated in different cluster groups is not fully 
explained only from RMSD values. 
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Table I-4.1.1: Difference in distance among the average structures of cluster groups for Hb 
 
 
 
Table I-4.1.2: Difference in distance among the average structures of cluster groups for Mb 
RMSD (Å) group 1 group 2 group 3 group 4 group 5 
group 1 - 2.296 4.323 2.410 3.104 
group 2 2.296 - 3.486 1.071 1.979 
group 3 4.323 3.486 - 3.974 1.811 
group 4 2.410 1.071 3.974 - 2.352 
group 5 3.104 1.979 1.811 2.352 - 
RMSD (Å) group 1 group 2 group 3 group 4 group 5 group 6 
group 1 - 2.301 2.436 2.306 2.301 2.281 
group 2 2.301 - 0.828 0.613 0.583 0.365 
group 3 2.436 0.828 - 0.994 1.005 0.632 
group 4 2.306 0.613 0.994 - 0.551 0.553 
group 5 2.301 0.583 1.005 0.551 - 0.544 
group 6 2.281 0.365 0.632 0.553 0.544 - 
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Table I-4.1.3: Difference in distance among the average structures of cluster groups for 
HEWL 
 
 
 
 
 
Table I-4.1.4: Difference in distance among the average structures of cluster groups for HSA 
 
 
 
 
 
 
 
 
 
 
 
 
RMSD (Å) group 1 group 2 group 3 group 4 group 5 
group 1 - 2.291 2.350 2.476 2.282 
group 2 2.291 - 0.479 1.044 0.308 
group 3 2.350 0.479 - 1.165 0.529 
group 4 2.476 1.044 1.165 - 0.998 
group 5 2.282 0.308 0.529 0.998 - 
RMSD (Å) group 1 group 2 group 3 
group 1 - 5.235 4.309 
group 2 5.235 - 2.143 
group 3 4.309 2.143 - 
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Table I-4.1.5: Difference in distance among the average structures of cluster groups for 
HIV-1 PR 
RMSD(Å) group 1 group 2 group 3 group 4 group 5 group 6 
group 1 - 2.354 2.348 2.346 3.047 2.318 
group 2 2.354 - 0.435 0.538 2.077 0.380 
group 3 2.348 0.435 - 0.379 2.111 0.351 
group 4 2.346 0.538 0.379 - 2.072 0.411 
group 5 3.047 2.077 2.111 2.072 - 1.936 
group 6 2.318 0.380 0.351 0.411 1.936 - 
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I-4.2 Mutation of cluster groups 
As for HIV-1 PR, amino acid mutation has a great influence on drug resistance. It is 
interesting to examine the relationship between amino acid mutation and structural 
classification. Amino mutations in crystal structures of the respective groups were surveyed 
for HIV-1 PR as shown in Table I-4.2.1. The survey mainly focused on the primary resistant 
mutations for protease inhibitors. The Q7K mutation, which is used in experiments to 
increase expression efficiency, is distributed across all of cluster groups. The D30N mutation, 
as a resistant mutation for Nelfinavir, is seen in all of the groups except for group 2. The 
S37N, E mutation is also distributed across all of cluster groups. Because of the limited 
number of amino mutations, some cluster groups have no structure with G48V and I50V 
mutations. V82A, F, T and I84V mutations also appear in all of cluster groups. The L90M 
mutation, as a resistant mutation for Saquinavir and Nelfinavir, is seen in all of the groups 
except for group 2. Therefore, no clear relationship between the mutation and cluster groups 
was observed in HIV-1 PR. Amino acid mutations in crystal structures for Hb, Mb, HEWL, 
HSA were shown in Tables I-4.2.2-I-4.2.5. Because of the limited number of mutations in 
crystals, it cannot be definitely concluded that amino mutations have no essential influence on 
the crystal structure.
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Table I-4.2.1: Number of crystal structures bearing amino mutations for cluster groups for 
HIV-1 PR 
mutation group1 group2 group3 group4 group5 group6 total 
Q7K 96(0.56)a 75(0.97) 5(0.08) 43(0.98) 1(0.06) 67(0.58) 287 
D25N 2(0.01) 7(0.09) 0(0.00) 7(0.16) 16(0.94) 14(0.12) 46 
D30N 4(0.02) 0(0.00) 4(0.06) 2(0.05) 1(0.06) 6(0.05) 17 
S37N,E 9(0.05) 74(0.96) 7(0.11) 23(0.52) 17(1.00) 62(0.53) 192 
G48V 1(0.01) 2(0.03) 1(0.02) 0(0.00) 0(0.00) 3(0.03) 7 
I50V 8(0.05) 1(0.01) 0(0.00) 1(0.02) 0(0.00) 4(0.03) 14 
I54V,L 4(0.02) 2(0.03) 1(0.02) 0(0.00) 17(1.00) 23(0.20) 47 
L63P 7(0.04) 73(0.95) 0(0.00) 17(0.39) 17(1.00) 42(0.36) 156 
C67A 65(0.38) 1(0.01) 5(0.08) 27(0.61) 1(0.06) 25(0.22) 124 
V82A,F,T 16(0.09) 6(0.08) 11(0.17) 12(0.27) 16(0.94) 28(0.24) 89 
I84V 20(0.12) 3(0.04) 9(0.14) 7(0.16) 17(1.00) 18(0.16) 74 
L90M 4(0.02) 0(0.00) 2(0.03) 5(0.11) 17(1.00) 20(0.17) 48 
C95A 65(0.38) 1(0.01) 10(0.16) 27(0.61) 1(0.06) 27(0.23) 131 
a. The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group 
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Table I-4.2.2: Number of crystal structures bearing amino mutations for clusters groups for 
human Hb  
mutation(human Hb) group i group ii group iii group iv group v total 
V1M 9(0.17)a 9(0.23) 0(0.00) 2(0.18) 0(0.00) 20 
V142M,A 27(0.52) 12(0.31) 0(0.00) 8(0.73) 2(1.67) 49 
S150T 0(0.00) 0(0.00) 2(0.14) 0(0.00) 0(0.00) 2 
T153N 0(0.00) 0(0.00) 2(0.14) 0(0.00) 0(0.00) 2 
W178R,E,G,H,A,Y 6(0.12) 2(0.05) 0(0.00) 7(0.64) 0(0.00) 15 
T191S 0(0.00) 0(0.00) 2(0.14) 0(0.00) 0(0.00) 2 
T228Q 0(0.00) 0(0.00) 2(0.14) 0(0.00) 0(0.00) 2 
C253G 0(0.00) 2(0.05) 0(0.00) 0(0.00) 0(0.00) 2 
H257R 0(0.00) 0(0.00) 2(0.14) 0(0.00) 0(0.00) 2 
P266Q 0(0.00) 0(0.00) 2(0.14) 0(0.00) 0(0.00) 2 
a. The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group 
 
 
Table I-4.2.3: Number of crystal structures bearing amino mutations for clusters groups for 
sperm whale Mb 
mutation(whale Mb) group i group ii group iii group iv total 
L29W,Y,F,V,E,H 42(0.33)a 0(0.00) 10(0.53) 1(0.06) 53 
F43H,W 2(0.02) 0(0.00) 10(0.53) 1(0.06) 13 
H64Q,T,V,Y,D,L,W,A,G 40(0.31) 0(0.00) 0(0.00) 2(0.13) 42 
T67R 15(0.12) 0(0.00) 0(0.00) 0(0.00) 15 
V68A,N,E,I,L,F,S,W 23(0.18) 0(0.00) 6(0.32) 1(0.06) 30 
D122N 114(0.88) 0(0.00) 0(0.00) 2(0.13) 116 
a. The value in parenthesis represents the ratio relative to the total number of crystal 
structures 
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Table I-4.2.4: Number of crystal structures bearing amino mutations for clusters groups for 
HEWL 
mutation(HEWL) group1 group2 group3 group4 group5 total 
M12F,L 4(0.01)a 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4 
H15A,F,G,V 4(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4 
E35Q,A 3(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 3 
T40S 3(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 3 
I55V,L 4(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4 
W62，F 3(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 3 
S91T,A 6(0.02) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 6 
a. The value in parenthesis represents the ratio relative to the total number of crystal 
structures 
 
 
 
Table I-4.2.5: Number of crystal structures bearing amino mutations for clusters groups for 
HSA 
mutation(HSA) group1 group2 group3 total 
R218H 0(0.00)a 1(0.03) 0(0.00) 1 
V418M 0(0.00) 0(0.00) 1(0.25) 1 
T420A 0(0.00) 0(0.00) 1(0.25) 1 
R521E 0(0.00) 6(0.17) 0(0.00) 6 
V547A 0(0.00) 0(0.00) 1(0.25) 1 
a. The value in parenthesis represents the ratio relative to the total number of crystal 
structures 
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I-4.3 Crystallization condition of cluster groups 
The primary chemical agents used in protein crystallization of Hb are surveyed as shown 
in Table I-4.3.1. The information of most dominant agent was obtained from the PDB file, 
where the crystal structures without description of crystallization agent were omitted. 
Polyethyleneglycol is a major agent for crystallization of Hb and about 63% of the crystals 
are obtained from this chemical. In groups 1 and 4, all of the protein crystals bearing the P 21 
21 2 space group were obtained from polyethyleneglycol. Ammonium sulfate and ammonium 
phosphate account for 28%. Most of the protein crystals in groups 2 and 3 were grown by 
using one of the above three chemical agents. Various chemical agents were used for group 5. 
If polyethyleneglycol is used for crystallization, crystal structure bearing the P 21 21 2 space 
group will be obtained in a high rate. The crystal structures with the P 1 21 1 space group will 
be generated in a higher rate than other structures if ammonium sulfate/phosphate is used as 
crystallization agents. Of course, the other experimental factor like buffer condition or protein 
concentration will influence on the crystallization, and a single factor is not enough to 
determine the space group of crystals. Crystal agent is, however, an obvious factor than others. 
Therefore, Table I-4.3.1 suggests that chemical agents are related to the cluster groups and 
then correlate with the space group. 
  The primary chemical agents for Mb are shown in Table I-4.3.2. Ammonium sulfate is a 
major agent for crystallization of Mb and about 81% of the crystals are obtained from this 
chemical. The crystals bearing the P 6 and P 1 21 1 space groups (groups 1, 2, and 3) were 
grown by ammonium sulfate. Polyethyleneglycol is a major agent for the structures with the P 
21 21 21 space group (group 4). Therefore, Table I-4.3.2 also indicates that agents for protein 
crystallization correlate with the space group.  
The primary chemical agents used in protein crystallization of HIV-1 PR are shown in Table 
I-4.3.3. Ammonium sulfate and sodium chloride are the two major agents for crystallization of 
HIV-1 PR. About 89% of the crystals were obtained from these two chemicals. A large 
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number of crystal structures bearing the P 21 21 2 and P 41 space groups (groups 1 and 5) 
were obtained from sodium chloride and most of crystal structures bearing P 21 21 21 and P 61 
(groups 2, 3, and 4) were obtained from ammonium sulfate. A variety of agents were used in 
mixed group 6. Therefore, Table I-4.3.3 again suggests that the crystallization agent influences 
on the space group.  
As for HSA and HEWL, a single chemical agent is used for protein crystallization in almost 
of structures (Tables I-4.3.4 and I-4.3.5). Hence, no definitive suggestion can be deduced from 
HSA and HEWL.
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Table I-4.3.1: Number of structures classified by the primary agent for protein crystallization 
of Hb 
agent group1 group2 group3 group4 group5 total 
Ammonium sulfate 0 12 0 0 0 12 
Polyethyleneglycol 1) 51 4 10 11 16 92 
Ammonium 
sulfate/phosphate 
0 21 4 0 3 28 
others 2) 0 2 1 0 7 10 
data not shown 1 1 1 0 1 4 
1) Polyethyleneglycol is the sum of PEG, PEG1000, PEG1450, PEG1500, PEG3350, 
PEG4000, PEG6000 and PEG8000. 
2) Others include ammonium phosphate and sodium/potassium phosphate. 
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Table I-4.3.2: Number of structures classified by the primary agent for protein crystallization 
of Mb 
agent group 1 group 2 group 3 group 4 group 5 group 6 total 
Ammonium sulfate 118 47 44 0 2 20 231 
Polyethyleneglycol 1) 5 0 0 10 0 2 17 
Ammonium 
phosphate 
0 0 2 0 5 0 7 
Sodium/potassium 
phosphate 
0 0 0 3 0 1 4 
data not shown 6 10 0 6 0 3 25 
1) Polyethyleneglycol is the sum of PEG1000, PEG1550, PEG3550, PEG4000, PEG8000 
and PEG10000. 
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Table I-4.3.3: Number of structures classified by the primary agent for protein crystallization 
of HIV-1 PR 
agent group 1 group 2 group 3 group 4 group 5 group 6 total 
Ammonium sulfate 14 65 20 41 0 40 180 
Polyethyleneglycol 1) 2 0 4  0 0 5 11 
Sodium chloride 112 1 5 1 17 26 162 
others 2) 15 0 1 0 0 14 30 
data not shown 28 11 33 2 0 31 105 
1) Polyethyleneglycol is the sum of PEG8000, PEG4000, and PEG3350. 
2) Others include potassium chloride, sodium potassium tartrate, potassium triocyanate, 
sodium iodide, potassium iodide, and sodium bromide. 
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Table I-4.3.4: Number of structures classified by the primary agent for protein crystallization 
of HEWL 
agent group1 group2 group3 group4 group5 total 
Ammonium sulfate 2 0 0 0 0 2 
Polyethyleneglycol 
1) 
4 0 0  0 0 4 
Sodium chloride 206 14 0 9 7 236 
MPD 9 0 0 0 0 9 
others 2) 14 1 10 1 1 27 
data not shown 41 10 2 1 4 58 
1) Polyethyleneglycol is the sum of PEG4000,and PEG5000 MME. 
2) Others include 2-propanol, glycine amide, nicl2, sodium bromide, sodium nitrate, sodium 
formate, sodium iodide, sodium p-toluenesulfonate, ethanol, cacodylate, potassium sodium 
tartrate, glycine ethyl ester and lithium sulfate. 
 
 
 
Table I-4.3.5: Number of structures classified by the primary agent for protein crystallization 
of HSA 
agent Group 1 Group 2 Group 3 total 
Ammonium sulfate 0 0 1 1 
Polyethyleneglycol 1) 35 23 4 62 
1) Polyethyleneglycol is the sum of PEG400, PEG3350 and PEG4000. 
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I-4.4 Resolution of X-ray diffraction of cluster groups 
The resolution of X-ray diffraction is surveyed for Hb, Mb, HEWL, HSA and HIV-1 PR 
as shown in Tables I-4.4.1-I-4.4.5. As for Hb, the average resolution in X-ray diffraction 
ranges from 1.84 Å to 2.76 Å. The average resolution for Mb ranges from 1.49 Å to 2.03 Å. 
The average resolution for HEWL ranges from 1.44 Å to 1.79 Å. The average resolution for 
HSA ranges from 2.51 Å to 3.04 Å. The average resolution for HIV-1 PR ranges from 1.66 Å to 
2.07 Å. Although the resolutions are different among the cluster groups, no definitive 
relationship was observed between the resolution and the separation of cluster groups. 
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Table I-4.4.1: Average of resolution in X-ray diffraction of each cluster group for Hb 
Hb resolution (Å) 
group 1 2.08 ± 0.19 
group 2 1.84 ± 0.30 
group 3 2.10 ± 0.36 
group 4 2.76 ± 0.65 
group 5 2.48 ± 0.45 
 
 
Table I-4.4.2: Average of resolution in X-ray diffraction of each cluster group for Mb 
Mb resolution (Å) 
group 1 1.81 ± 0.24 
group 2 1.49 ± 0.32 
group 3 1.60 ± 0.24 
group 4 1.60 ± 0.21 
group 5 2.03 ± 0.14 
group 6 1.77 ± 0.28 
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Table I-4.4.3: Average of resolution in X-ray diffraction of each cluster group for HEWL 
HEWL resolution (Å) 
group 1 1.75 ± 0.37 
group 2 1.79 ± 0.28 
group 3 1.44 ± 0.44 
group 4 1.46 ± 0.00 
group 5 1.60 ± 0.45 
 
Table I-4.4.4: Average of resolution in X-ray diffraction of each cluster group for HSA 
HSA resolution (Å) 
group 1 2.51 ± 0.24 
group 2 2.64 ± 0.30 
group 3 3.04 ± 0.46 
 
Table I-4.4.5: Average of resolution in X-ray diffraction of each cluster group for HIV-1 PR 
HIV-1 PR resolution (Å) 
group 1 1.66 ± 0.39 
group 2 1.81 ± 0.25 
group 3 2.07 ± 0.37 
group 4 1.73 ± 0.42 
group 5 1.82 ± 0.34 
group 6 1.92 ± 0.48 
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I-4.5 Matthews coefficient of cluster groups 
Matthews coefficient VM is the crystal volume per unit of protein molecular weight, which 
indicates the fractional volume of solvent in crystal.28 The distribution of VM was reported to 
range from 2 to 3 Å3/Dalton based on the analysis with 15,641 crystallographic PDB data.29 
Matthews coefficient VM in protein crystallization of Hb is surveyed as shown in Table I-4.5.1 
and Figure I-4.5.1. The average VM ranges from 2.23 Å3/Dalton to 2.55 Å3/Dalton and the 
standard deviation is less than 0.26 (Table I-4.5.1). Because group 5 is a mixed group and 
group 3 consists of the crystal structures bearing more than 4 kinds of space groups, large 
standard deviations are observed in Matthews coefficient. Since the most crystal structures in 
groups 1 and 4 have the common space group P 21 21 2, the averages of VM are close to each 
other. The average VM of group 2 is obviously lower than other groups. The solvent contents 
are also summarized in Table I-4.5.1. The average solvent content ranges from 0.44 to 0.52 
and the standard deviation is less than 0.05. Most of the crystal structures in groups 1 and 4 
have the same common space group. So the average solvent content is almost identical to 
each other and the deviation is small. Similar to Matthews coefficient of group 2, the average 
solvent content in group 2 is lower than other groups. Since Matthews coefficient is related to 
the space group, it is natural that the coefficient shows the difference among cluster groups. 
In case of Mb, the average VM ranges from 1.73 to 3.06 and the standard deviation ranges 
from 0.04 to 0.40 (Table I-4.5.2 and Fig. I-4.5.2). The group 1 contains 123 crystal structures 
with the P 6 space group and the average VM only for these 123 crystal structures is 3.11 ± 
0.14. The group 5 contains the crystal structures with 2 kinds of space groups (P 1 21 1 and P 
21 21 2) and the standard deviation is large (± 0.40). The average VM calculated only for the 5 
structures (P 21 21 21) is 3.04 ± 0.04. These results mean that single space group shows a low 
standard deviation. Most of crystal structures in groups 2 and 3 have the same space group 
and the average VM is close to each other. The results of the solvent content are shown in 
Table I-4.5.2. The averaged solvent content ranges from 0.31 to 0.60. The solvent contents of 
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the crystal structures in groups 2 and 3 are closed to each other. Since the crystal structures in 
groups 2 have only one kind of space group, the standard deviation of solvent content is very 
small. The solvent content related to Matthews coefficient shows the difference among cluster 
groups. 
The results of Matthews coefficient for HEWL are shown in Table I-4.5.3 and Figure 
I-4.5.3. In group 2, crystal structures contain many different space groups and the standard 
deviation of VM is larger than those of other groups. The average VM of group 3 is obviously 
lower than those of other groups. In group 4, 10 crystal structures were obtained from the 
powder diffraction method, and Matthews coefficient is not applied for these 10 structures. 
Hence, there is only one crystal structure with P 61 2 2 space group in group 4 and the 
standard deviation is 0.0. 
In case of HSA, the standard deviation of Matthews coefficient of group 3 is the largest in 
three cluster groups (Table I-4.5.4 and Fig. I-4.5.4). This is because group 3 is the mixture of 
crystal structures with different space groups.  
In case of HIV-1 PR, the average VM ranges from 2.09 to 2.67 (Table I-4.5.5 and Fig. 
I-4.5.5). The standard deviation of group 6 is the largest among all the cluster groups, because 
group 6 is a mixed group. Since most of the crystal structures in groups 2 and 4 have the same 
common space group, P 21 21 21, their Matthews coefficients are close to each other. Since 
group 2 contains the structures bearing other space groups, the standard deviation of group 2 
is larger than that of group 4. The averages of VM of groups 2, 3, and 4 are close to each other. 
From the above analysis, there is a relationship between space group and Matthews 
coefficient. This relationship is reflected to the separation of cluster groups. 
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Figure I-4.5.1: Matthews coefficients of protein crystals of each cluster group for Hb.  
 
 
Table I-4.5.1: Average of Matthews coefficients of protein crystals of each cluster group for 
Hb 
Hb Matthews coefficient (Å3/Dalton) Solvent content 
group 1 2.53 ± 0.07 0.52 ± 0.02 
group 2 2.23 ± 0.12 0.44 ± 0.04 
group 3 2.45 ± 0.26 0.49 ± 0.05 
group 4 2.55 ± 0.03 0.52 ± 0.01 
group 5 2.43 ± 0.21 0.49 ± 0.04 
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Figure I-4.5.2: Matthews coefficients of protein crystals of each cluster group for Mb. 
 
 
Table I-4.5.2: Average of Matthews coefficients of protein crystals of each cluster group for 
Mb 
Mb Matthews coefficient (Å3/Dalton) Solvent content 
group 1 3.06 ± 0.23 0.60 ± 0.04 
group 2 1.91 ± 0.04 0.35 ± 0.01 
group 3 1.73 ± 0.18 0.31 ± 0.06 
group 4 2.11 ± 0.08 0.42 ± 0.02 
group5 2.79 ± 0.40 0.55 ± 0.08 
group 6 2.14 ± 0.40 0.42 ± 0.08 
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Figure I-4.5.3: Matthews coefficients of protein crystals of each cluster group for HEWL. 
 
 
Table I-4.5.3: Average of Matthews coefficients of protein crystals of each cluster group for 
HEWL 
HEWL Matthews coefficient (Å3/Dalton) Solvent content 
Group 1 2.01 ± 0.08 0.39 ± 0.03 
Group 2 2.11 ± 0.10 0.41 ± 0.06 
Group 3 1.77 ± 0.08 0.30 ± 0.04 
Group 4 2.51 ± 0.00 0.51 ± 0.00 
Group 5 2.00 ± 0.16 0.24 ± 0.12 
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Figure I-4.5.4: Matthews coefficients of protein crystals of each cluster group for HSA. 
 
 
Table I-4.5.4: Average of Matthews coefficients of protein crystals of each cluster group for 
HSA 
HSA Matthews coefficient (Å3/Dalton) Solvent content 
group 1 2.60 ± 0.14 0.51 ± 0.04 
group 2 2.31 ± 0.09 0.46 ± 0.02 
group 3 2.91 ± 0.37 0.57 ± 0.05 
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Figure I-4.5.5: Matthews coefficients of protein crystals of each cluster group for HIV-1 PR. 
 
 
Table I-4.5.5: Average of Matthews coefficients of protein crystals of each cluster group for 
HIV-1 PR 
HIV-1 PR Matthews coefficient (Å3/Dalton) Solvent content 
group 1 2.67 ± 0.10 0.54 ± 0.02 
group 2 2.11 ± 0.11 0.42 ± 0.02 
group 3 2.17 ± 0.08 0.44 ± 0.02 
group 4 2.09 ± 0.09 0.41 ± 0.02 
group 5 2.40 ± 0.08 0.49 ± 0.02 
group 6 2.32 ± 0.33 0.46 ± 0.07 
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I-4.6 Cluster analysis of Mb in sperm whale   
  The species of protein source of Mb are surveyed as shown in Table I-4.6.1. All of the 
crystal structures in groups 1, 2 and 4 are from the sperm whale and the number of the sperm 
whale accounts for 78% of all crystal structures. Most of the crystal structures in groups 3 and 
5 are from the horse and those from the horse account for 20%. Because group 6 is a mixed 
group, there are a variety of sources. Other species account for only 2%. Because of the large 
majority of crystal structures from the sperm whale, only the sperm whale Mb was examined 
again by cluster analysis (Fig. I-4.6.1). The space group is responsible for the classification of 
crystal structures. In Table I-4.6.2, most of crystal structures bearing a P 6 space group belong 
to group i, which is the same as group 1 in Table I-3.2.1. 57 crystal structures bearing P 1 21 
1 space group are in group ii, which is identical to group 2 in Table I-3.2.1. Furthermore, 19 
crystal structures bearing a P 21 21 21 space group are in group iii, which is identical to group 
4 in Table I-3.2.1. Group iv is a mixed group, which is composed of the crystal structures not 
assigned to groups i-iii. Hence, an important finding is that the crystal structures bearing the 
same space group P 1 21 1 are separated into two groups (Table I-3.2.1): One group is from 
the sperm whale, while the other is from the horse. These results suggest that the protein 
source is a critical factor to influence cluster separation. Rashin et. al. obtained a similar 
result with a large set of 291 Mb structures by principal component analysis (PCA)16. In 
Table I-4.6.2, cluster analysis only on the sperm whale Mb resulted in the same classification 
with all of the crystal structures. Therefore, the species of protein source is the primary factor 
to distinguish the crystal structures, and the space group of the crystals is the second factor. 
This dominancy of the protein source is natural because the amino sequence is different 
among species.  
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I-4.7 Cluster analysis of Hb in humans 
The species of protein source for Hb are shown in Table I-4.7.1. The crystal structures 
with the largest number are from human beings, which account for 88% and are distributed 
across all of the cluster groups. The structures from other sources (horse, rabbit, mouse, pig 
etc.) account for 12% and are only distributed in groups 3 and 5. In order to eliminate the 
difference in protein sources, only human Hb was examined. As shown in Table I-4.7.2, the 
results of cluster analysis on human Hb were almost same to those on all of the crystal 
structures (Table I-3.1.1). In group 1, the major space group for Hb is P 21 21 2, and in group 
2, the second major one is P 1 21 1. Hence, the species of protein source is the primary factor 
for the classification of crystal proteins. In spite of the diverse examination of crystallization 
condition or crystal characteristic, the reason why the different cluster groups 1 and 4 have 
same space group P 21 21 2 is not clear. 
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Figure I-4.6.1: (a) Dendrogram for cluster analysis of crystal structures of Mb proteins from 
the sperm whale. Totally, 221 structures were grouped into 4 clusters. (b) Dendrogram for 
cluster analysis of crystal structures of human Hb. Totally, 128 structures were grouped into 5 
clusters. 
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Table I-4.6.1: Number of crystal structures classified by protein source for Mb 
species group1 group2 group3 group4 group5 group6 total 
sperm whale 129 57 0 19 0 16 221 
horse 0 0 46 0 6 5 57 
pig 0 0 0 0 1 1 2 
asiatic elephant 0 0 0 0 0 1 1 
loggerhead turtle 0 0 0 0 0 2 2 
harbor seal 0 0 0 0 0 1 1 
total 129 57 46 19 7 26 284 
 
Table I-4.6.2: Number of crystal structures classified by space group for Mb from the sperm 
whale 
space group group i group ii group iii group iv total 
P 21 21 21 6(0.05)1) 0(0.00) 19(1.00) 4(0.25) 29 
P 1 21 1 0(0.00) 57(1.00) 0(0.00) 9(0.56) 66 
P 6 123(0.95) 0(0.00) 0(0.00) 1(0.06) 124 
P 41 0(0.00) 0(0.00) 0(0.00) 1(0.06) 1 
P 61 2 2 0(0.00) 0(0.00) 0(0.00) 1(0.06) 1 
total 129 57 19 16 221 
1) The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. 
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Table I-4.7.1: Number of crystal structures classified by protein source for Hb 
species group1 group2 group3 group4 group5 total 
human 52 40 14 11 11 128 
rabbit 0 0 2 0 0 2 
goose 0 0 0 0 1 1 
dromedary 0 0 0 0 1 1 
mouse 0 0 0 0 1 1 
meleagris gallopavo 0 0 0 0 2 2 
pig 0 0 0 0 2 2 
maned wolf 0 0 0 0 1 1 
mammoth 0 0 0 0 1 1 
dog 0 0 0 0 2 2 
japanese quail 0 0 0 0 1 1 
ostrich 0 0 0 0 1 1 
horse 0 0 0 0 3 3 
total 52 40 16 11 27 146 
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Table I-4.7.2: Number of crystal structures classified by space group for human Hb 
space group group i group ii group iii group iv group v total 
P 21 21 2 50(0.96)2) 0(0.00) 0(0.00) 11(1.00) 2(0.18) 63 
P 1 21 1 2(0.04) 36(0.90) 1(0.07) 0(0.00) 2(0.18) 41 
P 21 21 21 0(0.00) 4(0.10) 7(0.50) 0(0.00) 3(0.27) 14 
P 32 2 1 0(0.00) 0(0.00) 6(0.43) 0(0.00) 0(0.00) 6 
others 1) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4(0.36) 4 
total 52 40 14 11 11 128 
1) Others is the sum of those for C 1 2 1, P 41 21 2, P 1 and P 61 2 2 space groups. 
2)  The value in parenthesis represents the ratio relative to the total number of crystal 
structures in each group. 
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I-4.8 Powder diffraction of HEWL 
For HEWL, 13 crystal structures were obtained by the powder diffraction method (1JA2, 
1JA4, 1JA6, 1JA7, 1SF4, 1SF6, 1SF7, 1SFB, 1SFG, 2A6U, 2HS7, 2HS9 and 2HSO). Of the 
13 structures, 10 crystals bear a P 43 21 2 space group and all of them are in group 4. The 
other 3 crystal structures with P 43 21 2 are in the mixed group 5. These results indicate a 
different diffraction method leads to a difference in the protein structures solved. 
 
I-4.9 The crystal structures of HSA 
  In Table I-3.4.1, the crystal structures of HSA are classified into 3 groups. In group 1, the 
crystal structure bearing a C 1 2 1 space group includes one molecule in a unit cell. In group 2, 
the crystal structure bearing a P 1 space group includes two molecules in a unit cell. In cluster 
analysis on group 2, only the coordinates of chain A were extracted. These two types of space 
group are clearly separated except for one crystal structure. The reason for the separation is 
that the interaction of two molecules results in a difference in the protein conformation.
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I-4.10 Structural deviation of functional domain of proteins 
In Hb and Mb, the most important part is the heme-binding site, which is inside of the 
enzymes. Some segments showing large deviations were apart from the heme-binding site 
(Figures. I-3.1.1(b) and 3.2.1(b)). HEWL is a small protein and the active site is exposed to 
solvent (Figs. I-4.10.1). The structural deviations between groups 1 and 2 are distributed over 
helical segment C, D and irregular loop, and these distributions is observed outside the active 
site (Fig. I-4.10.1C). Some structural deviations contain the residues at the active site (Fig. 
I-3.3.1b). HSA has a function of reservoir of other proteins. Large structural deviations are 
observed at the outer parts of IA, IIB, and IIIB in Figure. I-3.4.1(b). Those areas are not 
responsible for the reservoir function. In HIV-1 PR, the active site is at the center of the 
protein. Only the flap region, which showed large structural deviation in Figure. 
I-3.5.1(b):(5↔1), is related to the enzymatic activity. Therefore, as for Hb or HSA with a 
large molecular weight, the active site hardly coincides with the region in which large 
structural deviations were observed in comparison among cluster groups. In case of HEWL or 
HIV-1 PR with a relatively small molecular weight, the structural deviations are sometime 
observed near the active site. 
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Figure I-4.10.1: Active site of HEWL and its comparison to the structural deviation between 
cluster groups. (A) Amino acid residues at the enzymatic active site of HEWL. (B) Surface 
representation of the active site. (C) Comparison of the active site to the structural deviation 
between cluster groups 1 and 2 in Figure I-3.3.1(b). The active site is colored white. 
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I-5. CONCLUSION 
With the improvement of crystallographic technology and software for model building, 
there is a large number of protein crystal structures registered in PDB. After screening 
appropriate structures, the crystal structures of Hb (n=146), Mb (n = 284), HEWL (n = 336), 
HSA (n = 63), and HIV-1 PR (n = 488) were selected for cluster analysis using the nearest 
neighboring method. In the results, the 146 crystal structures of Hb were classified into 5 
groups. The 284 structures of Mb were classified into 6 groups. The 336 structures of HEWL 
were clustered into 5 groups. The 63 structures of HSA were clustered into 3 groups, and the 
488 structures of HIV-1 PR were classified into 6 groups. Information on amino mutation, 
space group of the protein crystals, species of protein sources, Matthews coefficient, resolution of 
X-ray diffraction, and crystallization conditions were surveyed for every member of the respective 
clusters. A major factor to distinguish the cluster groups is the space group of crystals. 
Precipitating agents also have a critical influence on the classification of each protein. As for 
Hb and Mb, the species of protein source was a more crucial factor for the classification.
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Chapter II 
Simulation time required for diminishing the initial 
conformational deviations among protein crystal structures
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II-1. INTRODUCTION 
Due to the progress in performance of computer facilities and software programs, 
calculation analysis of protein molecules has become one of the standard approaches for 
investigating the biological functions of proteins. Computational analysis is also 
indispensable for rational design of drug candidates in the pharmaceutical research field.30-33 
Molecular dynamics (MD) simulation and docking simulation are major calculation methods 
in computational biology.34-37 The results of calculation by these methods strongly depend on 
the models of protein molecules. Hence, the choice of the initial protein structure in MD 
simulation and/or the setting of the atom geometry of a macromolecule in docking simulation 
are critically important for the reliability of calculation results. In most simulations with 
protein molecules, the atom coordinates are usually deduced from the crystal structure 
obtained by experimental X-ray analysis.38 X-ray crystallography provides direct structural 
information on a biomolecule at the atomistic level and is accepted as the best method for 
determining protein structures.39-41 For some proteins, a large number of crystal structures 
have already been deposited in PDB. 
  Growth of a protein crystal is caused by super-saturation of macromolecules in solution, 
and the super-saturated condition is usually obtained by the addition of precipitating agents42 
such as salts,43 organic solvents,44 polymers,45 and non-volatile organic compounds.46 Crystal 
growth is further influenced by various factors such as pH, temperature, and protein 
concentration.47-49 For some proteins, a large number of crystal structures have already been 
deposited in PDB. In chapter I, the deposited crystal structures of HIV-1 PR, HEWL, Mb, Hb, 
and HSA were examined by cluster analysis and they were separated into several groups 
based on their conformational similarities. As a result of classification by cluster analysis, the 
crystal structures of HIV-1 PR (n=488), HEWL (n=336), Mb (n=284), Hb (n=146), and HSA 
(n=63) were separated into 6, 5, 6, 5, and 3 groups, respectively. Furthermore, our study 
suggested that the precipitating agent had a strong influence on this separation. Fudo et al. 
crystallized a single kind of protein with three different precipitating agents and further 
performed MD simulations with setting the three protein crystal structures as the initial 
models.50 They suggested that the precipitating agent interacted with the protein so that the 
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agent molecule restricted the contact sites of proteins to enhance a specific molecular packing 
for crystal growth. These findings indicate again the importance of the choice of crystal 
structure for calculation. The atom coordinates from a crystal structure are usually required 
for building a calculation model, but the crystal structure has inevitably been influenced by 
the precipitating agent. MD simulations are usually performed without a precipitating agent. 
Hence, our great concern is whether MD simulations can make the different structures of a 
single kind of protein converge or not. 
  In the present study, we carried out multiple MD simulations for HEWL, Mb, Hb, and HSA, 
changing the initial protein structures among the simulations. The calculation models of the 
respective simulations were built from the different crystal structures. Snapshot structures 
were extracted from the respective MD trajectories at the time points with the interval of 5 ns. 
Then cluster analysis was performed at every time point using the extracted snapshot 
structures. The aim of this study was to determine whether the separated cluster groups of 
protein crystals can be merged into one group by MD simulation. If they can be merged, the 
time required for the convergence is of the next great interest. The time for convergence 
suggested in this work will be a good index for reliable MD simulation. 
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II-2. METHODS 
II-2.1 Preparation of a data set 
  In Chapter I, 336 crystal structures of HEWL were separated into 5 groups by cluster 
analysis. Five crystal structures were selected from each group for simulation. Group 4 
consisted of 10 crystal structures that were obtained by the powder diffraction method. They 
all bear a P 43 21 2 space group, and 5 crystals were also selected from group 4. Accordingly, 
in the case of HEWL, a total of 25 calculation models were built. The purpose of this study 
was to examine whether MD simulation can make the protein structures converge or not. 
Therefore, the amino acid sequences should be the same in the calculation models. If the 
selected crystal structures contained mutations, the residues were modified into those of the 
wild type. The PDB codes of the crystal structures selected for calculation models are shown 
with their space group in Table II-2.1.1. 
  For Mb, 284 crystal structures were separated into 6 groups. However, the difference in 
species of protein source was the primary factor for the separation. Sperm whale was the main 
protein source, and most of the crystal structures in groups 3 and 5 were derived from horse. 
Hence, groups 3 and 5 were eliminated in the present simulation. A total of 20 calculation 
models were built. The selected crystal structures are shown with their space group in Table 
II-2.1.2. 
  In the case of Hb, 146 crystal structures were separated into 5 groups. Human was the main 
species for the protein source. Group 5 was a mixture of structures not belonging to the other 
groups, and there was not a sufficient amount of crystal structures with the same space group 
for human Hb in group 5. Hence, five crystal structures were also selected to build calculation 
models from group 5. Two of them were human Hb with C 1 2 1 space group and the other 
three were human Hb with P 21 21 21 space group. Consequently, 25 calculation models were 
built as shown in Table II-2.1.3. 
  For HSA, 63 crystal structures were separated into 3 groups. Crystal structures had missing 
residues at the N-terminal and C-terminal sides. To align the sequence, the residues before 
Lys4 and after Leu583 were deleted. There were only 5 crystal structures in group 3. Two of 
them bore P 21 21 2 space group, two others had P 1 21 1, and the other one had P 41 21 2. 
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Consequently, 15 calculation models were built for HSA as shown in Table II-2.1.4. 
 
 
 
Table II-2.1.1. Crystal structures for MD simulations of HEWL. 
group 1  group 2  group 3 group 4 group 5 
(1)a 4H90b (P 43 21 2c) 
(2) 4H91 (P 43 21 2) 
(3) 4H92 (P 43 21 2) 
(4) 4H93 (P 43 21 2) 
(5) 4H94 (P 43 21 2) 
(6) 1AKI (P 21 21 21) 
(7) 1HSX (P 21 21 21) 
(8) 1JJ1 (P 21 21 21) 
(9) 1VDQ (P 21 21 21) 
(10) 1VED (P 21 21 21) 
(11) 1LZN (P 1) 
(12) 1V7S (P 1) 
(13) 2F2N (P 1) 
(14) 2LZT (P 1) 
(15) 4LZT (P 1) 
(16) 1JA2 (P 43 21 2) 
(17) 1JA4 (P 43 21 2) 
(18) 1SF7 (P 43 21 2) 
(19) 1SFB (P 43 21 2) 
(20) 1SFG (P 43 21 2) 
(21) 1XEI (P 1 21 1) 
(22) 1XEJ (P 1 21 1) 
(23) 2D4J (P 1 21 1) 
(24) 2Z12 (P 1 21 1) 
(25) 2Z19 (P 1 21 1) 
a: model number for simulation. b: PDB code. c: space group of the crystal. 
 
Table II-2.1.2. Crystal structures for MD simulations of Mb. 
group 1 (group 1a) group 2 (group 2) group 3 (group 4) group 4 (group 6) 
(1b) 109Mc (P 6d) 
(2) 110M (P 6) 
(3) 111M (P 6) 
(4) 2W6W (P 6) 
(5) 3U3E (P 6) 
(6) 2ZSP (P 1 21 1) 
(7) 2ZSR (P 1 21 1) 
(8) 2ZT2 (P 1 21 1) 
(9) 2ZT3 (P 1 21 1) 
(10) 2ZT4 (P 1 21 1) 
(11) 1U7R (P 21 21 21) 
(12) 3M39 (P 21 21 21) 
(13) 3M3B(P 21 21 21) 
(14) 4MXK (P 21 21 21) 
(15) 4MXL (P 21 21 21) 
(16) 1MBN (P 1 21 1) 
(17) 1SPE (P 1 21 1) 
(18) 1VXA (P 1 21 1) 
(19) 1VXB (P 1 21 1) 
(20) 2JHO (P 1 21 1) 
a: Results of the classification in the work of chapter I. b: model number for simulation. c: 
PDB code. d: space group of the crystal. 
 
Table II-2.1.3. Crystal structures for MD simulations of Hb. 
group 1 group 2 group 3 group 4 group 5 
(1)a 1B86b (P 21 21 2)c 
(2) 1GZX (P 21 21 2) 
(3) 1HGA (P 21 21 2) 
(4) 1HGB (P 21 21 2) 
(5) 1HGC (P 21 21 2) 
(6) 1BZ0 (P 1 21 1) 
(7) 1COH (P 1 21 1) 
(8) 1QSH(P 1 21 1) 
(9) 2DN2 (P 1 21 1) 
(10) 2HHB (P 1 21 1) 
(11) 1QXD (P 32 2 1) 
(12) 1QXE (P 32 2 1) 
(13) 3IC0 (P 32 2 1) 
(14) 3IC2 (P 32 2 1) 
(15) 3R5I (P 32 2 1) 
(16)1YEO (P 21 21 2) 
(17)1YEQ (P 21 21 2) 
(18)1YEU (P 21 21 2) 
(19)1YHR (P 21 21 2) 
(20)1YIE (P 21 21 2) 
(21) 1HAB (P 21 21 21) 
(22) 1HAC (P 21 21 21) 
(23) 1MKO (P 21 21 21) 
(24) 1SDK (C 1 2 1) 
(25) 1SDL (C 1 2 1) 
a: model number for simulation. b: PDB code. c: space group of the crystal. 
 
Table II-2.1.4. Crystal structures for MD simulations of HSA. 
group 1  group 2  group 3 
(1a) 1E78b (C 1 2 1c) 
(2) 1E7A (C 1 2 1) 
(3) 1E7B (C 1 2 1) 
(4) 2BXB (C 1 2 1) 
(5) 2BXC (C 1 2 1) 
(6) 1E7H (P 1) 
(7) 1E7I (P 1) 
(8) 1GNI (P 1) 
(9) 1GNJ (P 1) 
(10) 4BKE (P 1) 
(11) 1O9X (P 21 21 2) 
(12) 1UOR (P 1 21 1) 
(13) 4K71 (P 21 21 2) 
(14) 4N0F (P 1 21 1) 
(15) 4N0U (P 41 21 2) 
a: model number for simulation. b: PDB code. c: space group of the crystal. 
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II-2.2 Molecular Dynamics (MD) Simulation  
  In the case of Mb and Hb, partial atom charges of heme were determined by performing 
quantum chemical calculation using the Gaussian09 program.51 The stable structure of heme 
was determined through geometry optimization at the B3LYP/6-31G(d,p) level, and the 
electrostatic potential was subsequently calculated at the HF/LanL2DZ level under the 
ether-phase condition. The average radius for iron was set to 2.16 Å, referring to the van der 
Waals radius.52 In PDB files of Hb and Mb, the residue name of histidine that was connected 
to the heme was changed. Hence, the heme-bound histidine was treated as a new residue and 
the atom type were assigned by the LEaP module in AmberTools16.53 
  To build a calculation model, the protein molecule was placed in a rectangular periodic 
boundary box filled with TIP3P water molecules,54 and counter ions were added to neutralize 
the model system using the LEaP module. Minimization, heating, and pre-equilibration were 
carried out using the sander module of AMBER16 and the ff10 force field.55,56 Production run 
of MD simulation was carried out using the pmemd module. Energy minimization was 
achieved in three steps. The first step was subject to relaxation of the water molecules only. 
The second step was for relaxation of the protein structure only. The third step involved 
relaxation of the whole system. In each step, energy minimization was done for 10,000 cycles. 
The minimization method was switched from the steepest descent method to the conjugate 
gradient method after 3,000 cycles. The model system was heated to 310 K for 0.1 ns under 
the NVT-ensemble condition, and subsequent 0.4 ns pre-equilibrating calculation was 
executed under the NPT-ensemble condition. Then production runs of MD simulation were 
carried out for 25 ns for HEWL and Mb, 250 ns for Hb, and 300 ns for HSA. The cutoff 
distance for the long-range electrostatic and van der Waals energy terms was set to 12.0 Å. 
The expansion and shrinkage of every covalent bond connecting to a hydrogen atom were 
constrained using the SHAKE algorithm.57 Periodic boundary conditions were applied to 
avoid the edge effect in all xyz directions. The integration time step was 2 fs. 
Size of calculation models and MD simulation time were shown in Table II-2.2.1 for 
HEWL, Mb, Hb, and HSA.
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Table II-2.2.1. Size of calculation models and MD simulations for HEWL, Mb, Hb, and HSA. 
 HEWL Mb Hb HSA 
number of protein residues 129 153 574 578 
number of protein atoms 1960 2532 9058 9121 
total number of atoms 19104 (Min) 
| 
22203 (Max) 
22665 (Min) 
| 
24543 (Max) 
50929 (Min) 
| 
58717 (Max) 
82336 (Min) 
| 
89215 (Max) 
number of the initial cluster groups 5 4 5 3 
number of calculation models 25 20 25 15 
simulation time (ns) 25 25 250 300 
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II-2.3 Cluster analysis 
  Snapshot structures of each model were extracted every 5 ns from the production run. 
Snapshot structures after minimization, heating to 310 K, and 0.4 ns pre-equilibration were 
also extracted for comparison. The procedure of the analysis was almost similar to that of 
cluster analysis in chapter I . 
   
II-2.4 Identification of the models keeping the closeness of the initial crystal 
group in the cluster analysis 
  In the dendrograms in Results section, color bars indicate the models that were classified 
into the same cluster group with the crystal structures and were close to each other in the 
clustering with the simulation structures. Several examples to identify the models that 
maintain the initial closeness of the crystal structures are illustrated in Figure II-2.4.1. 
  Cluster analysis was performed for the snapshot structures acquired every 5 ns from the 
production run. Based on the results of cluster analysis, we examined whether the models 
initially assigned to the other groups were merged into one group by MD simulation. In the 
dendrograms, we put the lines under the models that were initially assigned to the same group 
and were closed to each other even after simulation. Some examples were illustrated to 
explain the rule for judging the closeness of models in Figure II-2.4.1. Models #1, #2 and #3 
are assumed to be members of the same group in the cluster anasis with the initial crystal 
structures. Models #X1 and #X2 are members of another group. (a) #1 and #2 are not in the 
same cluster because #2 composes a cluster with #X1. (b) #1 and #2 are in the same cluster 
while #3 is close to #X1. (c) #2 and #3 are in the same group. From a similar reason to (a), 
line was not put under #1. (d) Line is not put under #1 and #2 because of being partitioned by 
the cluster of #X1 and #X2. (e) Line is only put under #2 and #3, because the cluster of #2 and 
#3 and the cluster of #X1 and #X2 are in the same distance to #1. (f) The cluster of #X1 and 
#X2 is close to #1 than that of #2 and #3. Hence, line is not put under #1. (g) Because the 
cluster of #2 and #3 is close to #1 than that of #X1 and #X2, line is put under #1. (h) From a 
similar reason to (g), #1, #2 and #3 are in the same cluster. 
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Figure II-2.4.1. Rule for judging calculation models #1, #2, and #3 being in the same cluster 
or not. (a)-(h) Examples of dendrogram shape in the cluster analysis. The red line represents 
the models that maintain the initial cluster group.
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II-3. RESULTS 
II-3.1 Cluster analysis of the simulation structures of HEWL 
  MD simulations of 25 models for HEWL were carried out for 25 ns. The RMSDs through 
the simulation were calculated for all of the models (Fig. II-3.1.1). The RMSDs of the 
calculation models in groups 1, 2, 3, and 5 were around 1 Å and those in group 4 were around 
1.5 Å. Hence, the fluctuations were low and the protein conformations were stable. B-factor 
values of most of the residues were below 40 Å2 (Fig. II-3.1.2). The residues in the 
non-helical regions and the irregular loops showed large fluctuations compared with those in 
the helical regions. 
  Before MD simulation, cluster analysis was carried for the 25 selected crystal structures 
(Fig. II-3.1.3a). Groups 1-4 showed clear separation among them. Group 4 was greatly apart 
from the other groups as seen in distance in the height of the cluster dendrogram. Group 5 
was a mixture of crystal structures that did not belong to the other groups, and it split into two 
small groups. The distances among the crystal structures in the same group were very small. 
Snapshot structures were extracted after minimization, heating, pre-equilibration, and every 5 
ns of the production run. After minimization, the distances among the calculation models in 
the same group became large (Fig. II-3.1.3b). Model #21 in group 5 was assigned to the same 
groups as #23, #24, and #25. Group separations were still clear at the stage of minimization. 
After heating, some calculation models migrated to the other groups and the initial group 
separation began to be obscure (Fig. II-3.4.5a). After pre-equilibration, called 0 ns hereafter, 
only 2 (#8, #10), 3 (#11, #14, #15), and 2 (#24, #25) calculation models of groups 2, 3, and 5, 
respectively, maintained the initial groups (Fig. II-3.1.3c). Along the production run, the 
calculation models further intermigrated from the initial cluster groups (Fig. II-3.1.3d, e, and 
f). At 20 ns, the dependency of the simulated snapshot structures on the respective initial 
crystals was diminished and group separations were hardly discernible. Models #6 and #9 and 
models #12 and #15 were assigned to be close at 20 ns (Fig. II-3.1.3g). At 25 ns, the 
calculation models assigned to be close at 20 ns were separated. While two pairs of models 
(#4, #5) and (#7, #8) were shown to be close, the model structures no longer depended on the 
initial crystals (Fig. II-3.1.3h). 
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Figure II-3.1.1. RMSDs for the calculation models of HEWL. Models in (a) group 1, (b) 
group 2, (c) group 3, (d) group 4, (e) group 5. 
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Figure II-3.1.2. B-factors for the respective amino acid residues of HEWL for 25 ns. Models 
in (a) group 1, (b) group 2, (c) group 3, (d) group 4, (e) group 5. Red, green and blue points 
represent anti-parallel β-sheet, α-helical region, and cysteines forming disulphide bridges, 
respectively. 
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Figure II-3.1.3. Dendrograms obtained by cluster analysis with 25 calculation models of 
HEWL. Dendrograms for (a) crystal structures, (b) minimization structures, and snapshot 
structures at (c) 0 ns, (d) 5 ns, (e) 10 ns, (f) 15 ns, (g) 20 ns, and (h) 25 ns. The height of the 
tree corresponds to RMSD of the main-chain atoms among the calculation models. Serial 
numbers represent the models built from the crystal structures with PDB codes shown in 
Table II-2.1.1. Red, green, blue, pink, and orange bars represent the models close to the other 
cluster members of the initial groups 1, 2, 3, 4 and 5, respectively. 
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II-3.2 Cluster analysis of the simulation structures of Mb 
    MD simulations of 20 models for Mb were carried out for 25 ns and RMSD was 
monitored through the simulation (Fig. II-3.2.1). RMSD values were under 2 Å for most of 
the calculation models. RMSDs of models #7, #8, and #12 were slightly large and were 
around 2 Å from 10 ns. B-factor values for most of the residues were below 50 Å2 (Fig. 
II-3.2.2). The residues in the non-helical regions showed large fluctuations compared with 
those in the helical regions. 
  Before performing MD simulation, cluster analysis was carried for the 20 selected crystal 
structures (Fig. II-3.2.3a). Crystal structures were clearly separated into four groups. The 
distances among the crystal structures in the same group were very small. Group 4 was a 
mixture of crystal structures that did not belong to the other groups and had large distances 
among cluster members compared with the other groups. Snapshot structures were extracted 
after minimization, heating, 0 ns, and every 5 ns of the production run. After minimization, 
the distances among the calculation models in the same group became large. Groups 2 and 3 
still each kept one cluster, while groups 1 and 4 were separated into two small groups (Fig. 
II-3.2.3b). After heating, the separation of the initial clusters became ambiguous. Some 
models in one group were inserted into other groups and clusters began to be rearranged. For 
example, models #1 and #2 were close to each other in the cluster analysis after heating (Fig. 
II-3.4.5b), but they were slightly apart from each other at 0 ns and instead became close to 
models #3 and #5, respectively (Fig. II-3.2.3c). Along the production run, the dispersion from 
the initial cluster groups was advanced. At 5 ns, only 2 (#8, #10), 2 (#11, #13), and 2 (#16, 
#19) models of groups 2, 3, and 4, respectively, maintained the closeness of the initial groups 
(Fig. II-3.2.3d). This means that the structures of the rest of the calculation models no longer 
depended on the initial crystals. At 10 ns, the dependency of the simulation structures on the 
respective crystals was further diminished and the group separations were hardly discernible 
(Fig. II-3.2.3e). Only 2 (#3, #5) and 2 (#13, #15) models of groups 1 and 3, respectively, were 
assigned to be close to each other. From 15-25 ns, the intermigration of the calculation 
models was almost completed, although a few pairs of models were occasionally close (Fig. 
II-3.2.3f, g, and h). 
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Figure II-3.2.1. RMSDs for the calculation models of Mb. Models in (a) group 1, (b) group 2, 
(c) group 3, (d) group 4.
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Figure II-3.2.2. B-factors for the respective amino acid residues of Mb for 25 ns. Models in (a) 
group 1, (b) group 2, (c) group 3, (d) group 4. Red and green points represent the histidine 
connected with heme and α-helical regions, respectively. 
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Figure II-3.2.3. Dendrograms obtained by cluster analysis with 20 calculation models of Mb. 
Dendrograms for (a) crystal structures, (b) minimization structures, and snapshot structures at 
(c) 0 ns, (d) 5 ns, (e) 10 ns, (f) 15 ns, (g) 20 ns, and (h) 25 ns. The height of the tree 
corresponds to RMSD among the calculation models. Serial numbers represent the models in 
Table II-2.1.2. For color bars, see the caption in Figure II-3.1.3. 
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II-3.3 Cluster analysis of the simulation structures of Hb 
  MD simulations of 25 models for Hb were carried out for 250 ns. RMSD values were 
around 3 Å for most of the calculation models in groups 1, 2, and 4, and those for the models 
in groups 3 and 5 were around 2 Å (Fig. II-3.3.1). B-factor values of most of the residues 
were below 50 Å2 for the last 50 ns (Fig. II-3.3.2). 
  In the cluster analysis with the 25 selected crystal structures, groups 1-4 were composed of 
clearly separated clusters (Fig. II-3.3.3a). The distances among the crystal structures in the 
same group were very small. Group 5 was a mixture of crystal structures that did not belong 
to the other groups, and it split into two small parts. Groups 3 and 5 were greatly apart from 
the other groups. In the structures after minimization, the distances among the models in the 
same group became large, while group separation was still clear in this stage (Fig. II-3.3.3b). 
At 0 ns, the distances among the models were further increased and the group separation 
became obscure. The models in group 1 scattered greatly, and in the other groups, the number 
of models staying in the initial clusters were decreased (Fig. II-3.3.3c). At 50 ns, model #23 
joined into group 3 and composed a cluster with the models in group 3 (Fig. II-3.3.3d). Most 
of the other models scattered, and 2 (#16, #17) and 2 (#21, #24) models of groups 4 and 5, 
respectively, maintained the closeness of the initial clusters. At 100 ns, models #1 and #3 
were assigned to be close to each other. Model #23 was close to the models in group 3 (Fig. 
II-3.3.3e). From 100 to 250 ns, there were at least two of the models among #11-#15 in group 
3 that became close to model #23. The models close to #23 changed among the time points. 
At 150 and 200 ns, models #12, #14, #15, and #23 were close to each other (Fig. II-3.3.3f and 
g). At 250 ns, all of the models in group 3 were in one cluster together with #23 (Fig. 
II-3.3.3h). The largest dispersion of the simulation structures was observed at 130 ns. Only 2 
(#11, #12) and 2 (#13, #14) models of group 3 composed cluster groups individually (Fig. 
II-3.3.4). The dependency of the simulation structures on the crystals diminished except for 
group 3, and the initial separations among the groups were hardly discernible. This suggested 
that the simulation structures fundamentally no longer depended on the initial crystals. The 
results of cluster analysis for every 5-ns are also shown in Figure II-3.3.4.
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Figure II-3.3.1. RMSDs for the calculation models of Hb. Models in (a) group 1, (b) group 2, 
(c) group 3, (d) group 4, (e) group 5. 
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Figure II-3.3.2. B-factors for the respective amino acid residues of Hb for the last 50 ns. 
Models in (a) group 1, (b) group 2, (c) group 3, (d) group 4, (e) group 5. Red, green and blue 
points represent the histidines connected with heme, α-helical region, and the first amino acid 
residues of the N-terminal segment in each subunit, respectively. 
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Figure II-3.3.3. Dendrograms obtained by cluster analysis with 25 calculation models of Hb. 
Dendrograms for (a) crystal structures, (b) minimization structures, and snapshot structures at 
(c) 0 ns, (d) 50 ns, (e) 100 ns, (f) 150 ns, (g) 200 ns, and (h) 250 ns. Serial numbers represent 
the models in Table II-2.1.3. For color bars, see the caption in Figure II-3.1.3. 
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Figure II-3.3.4. Dendrogram by the cluster analysis on the calculation models of Hb at every 
5 ns time point from 5 to 250 ns. 
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II-3.4 Cluster analysis of the simulation structures of HSA 
  MD simulations of 15 models for HSA were carried out for 300 ns. RMSD values were in 
the range from 1.6 Å to 7.6 Å (Fig. II-3.4.1). Models #5, #9, and #11 showed large 
fluctuations and in particular model #11 showed an RMSD value of more than 6 Å from 47 ns. 
B-factor values for most of the residues were below 100 Å2 for the last 50 ns (Fig. II-3.4.2). 
  In the cluster analysis with the crystal structures, groups 1 and 2 showed clear separation 
(Fig. II-3.4.3a), and the distances among the crystal structures in groups 1 and 2 were very 
small. Group 3 was a mixture of crystal structures that did not belong to the other groups, and 
it split into three small parts. After heating, the distances among the models in the same group 
became large, while group separation was still clear. (Fig. II-3.4.5d). At 0 ns, some models 
began to transfer to other groups. For example, model #11 transferred to group 2 and 
composed a small cluster with #7 (Fig. II-3.4.3c). At 60 ns, model #11 formed a new cluster 
with #9, and the models in group 2 were separated into two small groups. Models in group 3 
scattered and models #13, #14, and #15 were joined to group 1 (Fig. II-3.4.3d). At 120 ns, 
model #5 was apart from the other models in group 1, and group 1 was divided into two small 
groups by #13. The separation between groups 1 and 2 was still clear at this time point (Fig. 
II-3.4.3e). At 180 ns, model #1 migrated away from the other models and formed a cluster 
group with #5 (Fig. II-3.4.3f). A small group that consisted of models #1 and #5 was greatly 
distant from the other models. At 240 ns, the numbers of models staying in the respective 
initial cluster groups were decreased and separation between groups 1 and 2 became obscure 
(Fig. II-3.4.3g). At 300 ns, only 2 (#1 and #5) and 3 (#6, #7, and #8) models of groups 1 and 2, 
respectively, were close to each other (Fig. II-3.4.3h). The largest dispersion was observed at 
160 ns, at which time point all of the models scattered (Fig. II-3.4.4). On the whole, the 
dependency of the simulation structures on the crystals was diminished. The results of cluster 
analysis for every 5-ns time point are shown in Figure II-3.4.4. 
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Figure II-3.4.1. RMSDs for the calculation models of HSA. Models in (a) group 1, (b) group 
2, (c) group 3.
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Figure II-3.4.2. B-factors for the respective amino acid residues of HSA for the last 50 ns. 
Models in (a) group 1, (b) group 2, (c) group 3. Green and blue points represent α-helical 
region and cysteines forming disulphide bridges, respectively. 
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Figure II-3.4.3. Dendrograms obtained by cluster analysis with 15 calculation models of HSA. 
Dendrograms for (a) crystal structures, (b) minimization structures, and snapshot structures at 
(c) 0 ns, (d) 60 ns, (e) 120 ns, (f) 180 ns, (g) 240 ns, and (h) 300 ns. Serial numbers represent 
the models in Table II-2.1.4. For color bars, see the caption in Figure II-3.1.3. 
  - 107 - 
 
  - 108 - 
 
  - 109 - 
 
  - 110 - 
 
  - 111 - 
 
Figure II-3.4.4. Dendrogram by the cluster analysis on the calculation models of HSA at 
every 5 ns time point from 5 to 300 ns. 
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Figure II-3.4.5. Dendrogram by the cluster analysis on the calculation models after heating. (a) 
HEWL. (b) Mb. (c) Hb. (d) HSA. 
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II-3.5 Time course of changes in cluster groups 
The intermigrations of the initial cluster groups were illustrated by plotting the models 
keeping the closeness of the initial groups against simulation time (Fig. II-3.5.1). In HEWL, 
the number of models in the same group began to decrease after heating, and three small 
clusters from groups 2, 3, and 5 were still seen at 0 ns (Fig. II-3.5.1a). Through the 25 ns 
production run, the rate of appearance of models that kept the initial groups was large in 
group 1 and it was small in group 4. At 25 ns, two models were assigned to be close in groups 
1 and 2. 
In Mb, the number of models in the same group began to decrease after heating and some 
models migrated to another group (Fig. II-3.5.1b). The rates of appearance of models that 
kept the initial groups were almost the same among groups 1-4. Group separations were no 
longer preserved. 
In contrast to HEWL and Mb, the progress in diminishing group separation was slow for 
Hb. The group separation became obscure at 0 ns and a marked decrease in the number of 
initial group-keeping models was observed at 25 ns (Fig. II-3.5.1c). The rate of appearance of 
models that kept the initial groups was large in group 3. The models keeping initial closeness 
were observed for group 3 through the whole production run except at 165 ns. 
In HSA, the number of initial group-keeping models was obviously decreased from 55 ns 
(Fig. II-3.5.1d). The rate of appearance of models keeping initial closeness was small for 
group 3. The close models were observed for group 1 through the whole production run 
except at 160 ns. 
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Figure II-3.5.1. Changes in the models that keep the closeness of the initial crystal groups 
with elapse of calculation time for (a) HEWL, (b) Mb, (c) Hb, and (d) HSA. The x-axis is 
simulation time and the y-axis corresponds to the color bars in the dendrograms of cluster 
analysis. (a) is built from Figure II-3.1.3 and Figure II-3.4.5a. (b) is from Figure II-3.2.3 and 
Figure II-3.4.5b. (c) is from Figure II-3.3.3, Figures II-3.4.5c, and II-3.3.4. (d) is from Figure 
II-3.4.3, Figures II-3.4.5d, and II-3.4.4. 
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II-3.6. Cause for the exceptional group separation in Hb 
In the cluster analysis for Hb, the calculation models in group 3 (#11-#15) were close to 
model #23 and made a small cluster group with #23. To clarify the reason for the structural 
separation of models #11-#15 and #23 from the other models, principal component analysis 
(PCA) was performed using the ptraj module of AmberTools. Hb is composed of four 
polypeptide subunits, two α chains (subunits A and C) and two β chains (subunits B and D). 
Each α chain contains seven helical segments and β has eight ones.20 PCA was performed on 
crystal structures and snapshot structures at 130 ns by two approaches: entire and partial. In 
the entire approach, the whole structures of 25 models were firstly fitted to one structure and 
then the atom coordinates for each subunit of Hb and/or each helix of subunit A were 
extracted. In the partial approach, each subunit of Hb and each helix of subunit A was 
separately fitted to one helix or subunit. PCAs by the entire and partial approaches were 
denoted as PCA(entire, subunit, crystal), PCA(partial, subunit, crystal), PCA(entire, subunit, calc), PCA(partial, subunit, calc), 
and so on. 
In PCA on the crystal structures of whole body (Fig. II-3.6.1), group separation was clear. 
The differences among the models in the same group were small except for group 5. The 
results of PCA were consistent with the results of cluster analysis shown in Figure II-3.3.3. 
The crystal structure of #23 was close to the crystal structures in group 3. Hence, the 
structural separation originated from the crystal structures not from MD simulations. In a 
comparison between PCA(entire, subunit, crystal) and PCA(partial, subunit, crystal), group separation with the 
partial approach was small (Fig. II-3.6.2). Group separation was particularly small for 
subunits B and D (Fig. II-3.6.2b’ and d’). This means that, despite the small difference among 
subunits, the deviation in relative positions of subunits was large in the whole structure.  
In PCA on the calculation structures of whole body (Fig. II-3.6.5), the differences among 
models were larger than those of the crystals, but the models in group 3 were clearly 
distinguishable from the other groups. For subunits B and D, the models in group 3 were not 
separated from the others in PCA(partial, subunit, calc) (Fig. II-3.6.6b’ and d’), while they were 
distant from the other models in PCA(entire, subunit, calc) (Fig. II-3.6.6b and d). Both in PCA(entire, 
subunit, calc) and PCA(partial, subunit, calc) of subunits A and C, the models in group 3 and #23 were 
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apart from the others (Fig. II-3.6.6a, a’, c and c’). Therefore, subunits A and C were the 
reason for the structural separation of models #11-#15 and #23 from the other models. 
Since subunits A contained seven helical segments, PCA was executed on every helical 
segment and C-terminal domain. In a comparison between PCA(entire, helix, calc) and PCA(partial, helix, 
calc), group separation with the partial approach was small (Fig. II-3.6.7 and II-3.6.8). In 
helices A, B, C, E, F, G and H, the models in group 3 were completely mixed with others in 
PCA(partial, helix, calc) (Fig. II-3.6.7 and II-3.6.8). For the C-terminal domain, the models in group 
3 were close to model #23 and were distant from the others (Fig. II-3.6.7h and II-3.6.8h). 
Thus, the C-terminal domain of subunit A was responsible for the structural separation of the 
models in group 3 and #23. Since the amino sequence of subunit C was identical to that of 
subunit A, the C-terminal domain of subunit C is also responsible for the structural separation. 
The conformations at the C-terminal domains of subunits A and C at 130 ns for 25 models are 
shown in Figure II-3.6.9 to clarify the structural difference. The positions of the C-terminal 
residues for the models in group 3 and model #23 were different from those of the other 
models. 
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Figure II-3.6.1. PCA on the 25 crystal structures of Hb. Red, green, blue, pink, and orange 
colors correspond to the crystal structures in groups 1, 2, 3, 4 and 5, respectively. 
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Figure II-3.6.2. PCA on each subunit of 25 crystal structures of Hb. The entire approaches of 
PCA(entire, subunit, crystal) are used for (a) subunit A, (b) subunit B, (c) subunit C, (d) subunit D. 
The partial approaches of PCA(partial, subunit, crystal) are used for (a’) subunit A, (b’) subunit B, (c’) 
subunit C, (d’) subunit D. Red, green, blue, pink, and orange colors correspond to the crystal 
structures in groups 1, 2, 3, 4 and 5, respectively. 
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Figure II-3.6.3. PCA(entire, helix, crystal) on each helical region and the C-terminal segment of 
subunit A of 25 crystal structures of Hb. The entire approaches of PCA are used for (a) helix 
A, (b) helix B, (c) helix C, (d) helix E, (e) helix F, (f) helix G, (g) helix H, (h) C-terminal 
segment. Red, green, blue, pink, and orange colors correspond to the crystal structures in 
groups 1, 2, 3, 4 and 5, respectively. 
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Figure II-3.6.4. PCA(partial, helix, crystal) on each helical region and the C-terminal segment of 
subunit A of 25 crystal structures of Hb. The partial approaches of PCA are used for (a) helix 
A, (b) helix B, (c) helix C, (d) helix E, (e) helix F, (f) helix G, (g) helix H, (h) C-terminal 
segment. Red, green, blue, pink, and orange colors correspond to the crystal structures in 
groups 1, 2, 3, 4 and 5, respectively. 
  - 121 - 
 
Figure II-3.6.5. PCA on the 25 models of Hb at 130 ns. Red, green, blue, pink, and orange 
colors correspond to the calculation models in groups 1, 2, 3, 4 and 5, respectively. 
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Figure II-3.6.6. PCA on each subunit of 25 models of Hb at 130 ns. The entire approaches of 
PCA(entire, subunit, calc) are used for (a) subunit A, (b) subunit B, (c) subunit C, (d) subunit D. The 
partial approaches of PCA(partial, subunit, calc) are used for (a’) subunit A, (b’) subunit B, (c’) 
subunit C, (d’) subunit D. Red, green, blue, pink, and orange colors correspond to the 
calculation models in groups 1, 2, 3, 4 and 5, respectively. 
  - 123 - 
 
Figure II-3.6.7. PCA(entire, helix, calc) on each helical region and the C-terminal segment of 
subunit A of 25 models of Hb at 130 ns. The entire approaches of PCA are used for (a) helix 
A, (b) helix B, (c) helix C, (d) helix E, (e) helix F, (f) helix G, (g) helix H, (h) C-terminal 
segment. Red, green, blue, pink, and orange colors correspond to the calculation models in 
groups 1, 2, 3, 4 and 5, respectively. 
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Figure II-3.6.8. PCA(partial, helix, calc) on each helical region and the C-terminal segment of 
subunit A of 25 models of Hb at 130 ns. The partial approaches of PCA are used for (a) helix 
A, (b) helix B, (c) helix C, (d) helix E, (e) helix F, (f) helix G, (g) helix H, (h) C-terminal 
segment. Red, green, blue, pink, and orange colors correspond to the calculation models in 
groups 1, 2, 3, 4 and 5, respectively.
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Figure II-3.6.9. Structural difference at the C-terminal segment among the 25 calculation 
models at 130 ns for Hb. C-terminal segments of (a) subunit A and (b) subunit C. Models in 
group 3, #11-#15, and #23 are shown in orange. The other models are shown in green.
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 II-4. DISCUSSION 
II-4.1 Simulation time necessary for diminishing the influence of the initial 
crystal structure 
HEWL and Mb are monomeric proteins and their molecular weights are 14.3 and 16.7 
kDa, respectively. After heating, the initial group separation of HEWL became obscure and 
the boundary of each group was not distinguishable. At 20 ns, the calculation models were 
merged and the initial group separations were hardly discernible. After heating, the initial 
group separation of Mb also became obscure. The calculation structures were converged and 
the group separations were hardly discernible at 10 ns. Hb is a tetrameric protein and its 
molecular weight is 64.5 kDa. At 0 ns, the group separation began to be obscure. The 
progress in diminishing the group separation for Hb was much slower than that for HEWL 
and Mb. At 130 ns, the calculation models were almost merged except for the models in 
group 3. HSA is a monomeric protein with a molecular weight of 66.5 kDa. It took 160 ns for 
the calculation models to merge. Hence, the simulation time necessary for the initial 
structures to scatter becomes long with an increase in protein molecular weight. Roughly 
estimated, 30 ns MD simulation is enough for diminishing the initial conformational 
deviations of crystal structures of the 20 kDa proteins and 200 ns simulation is required for 
the 60 kDa proteins.  
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II-4.2 Conformations of the C-terminal domains of subunits A and C of Hb 
The C-terminal domains in models #1and #15 are shown in Figure II-4.2.1 and Figure 
II-4.2.2 to compare the two conformations of the unmerged major and minor groups in Hb. 
The side-chain of R141 on subunit A of #1 expanded toward subunits C and D and interacted 
with D413 and K414 of subunit C and V462 of subunit D (Fig. II-4.2.1a). These interactions 
were observed at both 130 ns (Fig. II-4.2.1b) and 250 ns (Fig. II-4.2.1c). While the OH group 
of Y140 had 3 hydrogen bonds in the crystal structure, only one hydrogen bond with V93 was 
kept at 250 ns. K139 interacted with S81 and D85 of subunit A in the crystal structure of #1 
(Fig. II-4.2.1a), but the interactions disappeared at 130 ns and 250 ns (Fig. II-4.2.1b and c). In 
model #15 (3R5I), the side-chain of R141 on subunit A expanded toward helix F and 
interacted with D85 on subunit A (Fig. II-4.2.1a’). This interaction was not stable and 
disappeared at 130 ns and 250 ns (Fig. II-4.2.1b’ and c’). Y140 interacted with P77 of helix F, 
which was maintained at 250 ns. The main-chain O of K139 was close to K414 in the crystal 
structure (Fig. II-4.2.1a’), but the interaction disappeared at 250 ns (Fig. II-4.2.1c’). K139 
made a hydrogen bond with D85 at 130 ns (Fig. II-4.2.1b’).  
Similar interactions were observed in the C-terminal domains of subunits C of the 
models #1 and #15 (Fig. II-4.2.2). In subunit C of model #1, the side-chain of R428 expanded 
toward subunits A and B and interacted with D126 and K127 of subunit A and V175 of 
subunit B (Fig. II-4.2.2a). These interactions were symmetric to those in subunit A and were 
observed at both 130 ns and 250 ns (Fig. II-4.2.2b and c). The OH group of Y427 also had 3 
hydrogen bonds in the crystal structure and only one hydrogen bond with V380 was kept at 
250 ns. The difference from subunit A was that the side-chain of K426 had only one hydrogen 
bond with S368 (Fig. II-4.2.2a). This interaction disappeared at 130 ns and was re-established 
at 250 ns (Fig. II-4.2.2b and c). At 130 ns, K426 interacted with S371 (Fig. II-4.2.2b). In 
subunit C of model #15, the side-chain of R428 flipped between 130 and 250 ns, and 
interaction between R428 and S368 occurred at 130 ns and disappeared at 250 ns (Fig. 
II-4.2.2b’ and c’). K426 interacted with K127 in the crystal structure (Fig. II-4.2.2a’), and the 
interaction disappeared at 130 ns and reappeared at 250 ns (Fig. II-4.2.2b’ and c’). These 
interactions of the C-terminal domains were commonly observed in the models of group 3 
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and #23 and other models, and the conformation, i.e., the direction of the C-terminal residues, 
hardly changed throughout the simulation. 
MD simulation with an ion concentration of 150 mM/L NaCl was performed using 
models #1 and #15 to examine whether ions can modify the direction of the C-terminal 
domain. However, no clear change in the C-terminal direction was observed during the 250 ns 
simulation for both models #1 or #15. Hence, the ion concentration is not effective to revise 
the alteration in conformation of the C-terminal domains of subunits A and C. 
MD simulations were extended up to 3000 ns for #1 and #15 to examine whether 
long-time simulation can change the direction of C-terminal domain (Fig. II-4.2.3). As for the 
subunits A and C of #1, the C-terminal segments kept the initial conformation for 3000 ns in 
spite of slight fluctuations. As for #15, while the C-terminal segments showed large 
fluctuations at 500 ns and 1250 ns, they were stabilized in the initial conformation afterwards. 
Consequently, the direction of C-terminal segments of #1 and #15 was not drastically 
changed. Hence, even long-time simulation up to 3 µs did not effectively solve the difference 
in conformation initially caused by the choice of the crystal structures.
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Figure II-4.2.1. Comparison of interactions at the C-terminal segment of subunit A between 
models #1 and #15 for Hb. Crystal structures of #1 (a) and #15 (a’), snapshot structures at 130 
ns for #1 (b) and #15 (b’), and snapshot structures at 250 ns for #1 (c) and #15 (c’). Subunits 
A, C and D are colored green, yellow, and orange, respectively. The amino acid residues 
involved in the interactions are shown by sticks. 
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Figure II-4.2.2. Comparison of the interactions at the C-terminal segment in subunit C 
between models #1 and #15 for Hb. Crystal structures of #1 (a) and #15 (a’), and snapshot 
structures at 130 ns for #1 (b) and #15 (b’), and those at 250 ns for #1 (c) and #15 (c’). 
Subunits A, B and C are colored in green, cyan and yellow. The residues involved in the 
interaction are shown in sticks. 
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Figure II-4.2.3. Structural comparison at C-terminal segments of subunits A and C between 
#1 and #15 for Hb. (a) and (a’) Snapshot structures of #1 extracted at every 250 ns from 500 
ns to 3000 ns. Snapshots are colored pale cyan and crystal structures of #1 and #15 are 
colored green and orange. (b) and (b’) Snapshot structures of #15 collected every 250 ns. 
Snapshots are colored pale orange. 
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II-4.3 Domain motions in the calculations of HSA 
  In the cluster analysis for HSA, model #1 was always close to #5 from 175 ns. According 
to the other studies, 58,59 domain II is the most rigid region and PCA has suggested directional 
motions of domains I and III. Those directional motions are the reason for the structural 
separation of models #1 and #5 from the other models. As seen in Figure II-4.3.1a, the five 
crystal structures in group 1 were almost identical to each other and there was a large gap 
between domains I and III (Fig. II-4.3.1b). Due to the MD simulation, a displacement 
occurred in domains I and III. At 150 ns (Fig. II-4.3.1c), domains I and III were close in all 
models except for #5, in which there was a large space between the domains. At 290 ns, 
domains I and III were close in models #2, #3, and #4. In contrast, domain III moved away 
from domain I in #1 and a large space was generated. The space between domains I and III 
was also kept for #5. Then, models #1 and #5 formed one cluster in the cluster analysis (Fig. 
II-3.4.4). At 300 ns, there were still large spaces between domains I and III in models #1 and 
#5. They kept one cluster and were separated from the other 3 models. Therefore, the 
directional motions of domains I and III occasionally occur for the calculation time of 300 ns, 
and the initial crystal structures have little influence on the closeness of the final simulation 
structures.  
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Figure II-4.3.1. Comparison of structures of domains I and III among the calculation models 
in group 1 for HSA. (a) Superposition of crystal structures. (b) Surface representation of the 
superposed crystal structures. (c) Surface representation of snapshot structures at 150 ns, 290 
ns and 300 ns. 
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II-4.4 Deviation of the simulation structures from the crystal ones 
In Tables II-4.4.1-II-4.4.4, the averaged RMSDs among the models were compared 
between crystal structures and simulation ones. The average structure of all the models was 
firstly obtained and the RMSD from the average structure was secondly calculated for every 
model. Then, the averaged RMSD was computed. For all the proteins, RMSD values of the 
simulation snapshot structures were larger than that of the crystal ones. The dynamic motion 
of proteins in MD simulation will be a reason for the increase of the RMSD.  
Our concern is whether similar structural deviations are observed among models in 
simulation. As for HEWL, the average structure for 25 ns was compared with the crystal 
structure for every model (Fig. II-4.4.1). Large deviations were frequently observed in 
non-helical regions. In particular, deviations were prominent at residues 46-49 and/or 67-71 
of the irregular loop. Hence, the models in MD simulations showed almost common structural 
fluctuations. Deviations for the models in group 4 were markedly larger than those in the 
other groups. The crystal structures in group 4 were obtained by the powder diffraction 
method.  
For Mb, the deviations of time-average structures from the crystal structures are shown 
in Figure II-4.4.2. Large deviations were frequently observed in non-helical regions such as 
the N-terminal domain, the C-terminal domain, the region between helices C and D, and the 
region between helices G and H. Other large deviations were observed at helix A for #5, #7, 
#12, and #19, and at helix F for #3, #16, #17, and #18. Hence, the dependence of simulation 
structure deviations on the initial cluster groups was marginal.  
For Hb, the average structures were obtained from the trajectories for the last 50 ns (Fig. 
II-4.4.3). To examine the deviation in detail, Hb was separated into 4 subunits and each 
subunit was compared with that of the crystal structure. Structural deviations were diversely 
changed among the models and among the subunits. The amplitudes of deviations for the 
models in group 3, #11-#15, and model #23 are obviously low compared with the other 
models, which is compatible with the separation of these 6 models from the others in the 
cluster analysis.  
For HSA, the average structures were obtained from the trajectories for the last 50 ns 
(Fig. II-4.4.4). Large deviations were observed in domain IIIB, especially two helices at the 
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C-terminus of domain IIIB. The observed structural deviations of the two helices are 
consistent with the previous report60 that suggested the reason for the deviation from their few 
interactions with other parts of HSA. Large structural deviation of domain IIIB was common 
for all the models, and no dependence on the initial crystal structure was observed.  
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Table II-4.4.1: the average RMSD values were calculated from crystal structures, snapshot 
structures at 20 ns, and 25 ns for HEWL. 
HEWL crystal structures snapshot structures 
(20 ns) 
snapshot structures 
(25 ns) 
average RMSD 0.58 ± 0.26 Å 0.81 ± 0.20 Å 0.85 ± 0.20 Å 
 
Table II-4.4.2: the average RMSD values were calculated from crystal structures, snapshot 
structures at 10 ns, and 25 ns for Mb. 
 
Table II-4.4.3: the average RMSD values were calculated from crystal structures, snapshot 
structures at 130 ns, and 250 ns for Hb. 
 
Table II-4.4.4: the average RMSD values were calculated from crystal structures, snapshot 
structures at 160 ns, and 300 ns for HSA. 
Mb crystal structures snapshot structures 
(10 ns) 
snapshot structures 
(25 ns) 
average RMSD 0.38 ± 0.10 Å 0.94 ± 0.18 Å 1.03 ± 0.17 Å 
Hb crystal structures snapshot structures 
(130 ns) 
snapshot structures 
(250 ns) 
average RMSD 1.58 ± 0.52 Å 1.78 ± 0.29 Å 1.80 ± 0.30 Å 
HSA crystal structures snapshot structures 
(160 ns) 
snapshot structures 
(300 ns) 
average RMSD 2.59 ± 0.55 Å 3.60 ± 0.70 Å 3.68 ± 0.65 Å 
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Figure II-4.4.1. Comparisons of the time-average structures for 25 ns simulation with the 
crystal structures for HEWL. Serial numbers correspond to the model numbers in Table 
II-2.1.1. The average structures are depicted in cyan and red, and the crystal structures are 
depicted in gray. The deviation increases as color changes from cyan to red. Small numerals 
represent residue numbers.
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Figure II-4.4.2. Comparisons of the time-average structures for 25 ns simulation with the 
crystal structures for Mb. Serial numbers correspond to the model numbers in Table II-2.1.2. 
The time-average structures are depicted in cyan and red, and the crystal structures are 
depicted in gray. The deviation increases as color changes from cyan to red. 
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Figure II-4.4.3. Comparisons of the time-average structures for the last 50 ns simulation with 
the crystal structures for Hb. Serial numbers correspond to the model numbers in Tables 
II-2.1.3. The time-average structures are depicted in cyan and red, and the crystal structures 
are depicted in gray. The deviation increases as color changes from cyan to red. 
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Figure II-4.4.4. Comparisons of the time-average structures for the last 50 ns simulation with 
the crystal structures for HSA. Serial numbers correspond to the model numbers in Table 
II-2.1.4. The time-average structures are depicted in cyan and red, and the crystal structures 
are depicted in gray. The deviation increases as color changes from cyan to red. 
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II-5. CONCLUSION 
Even for a single kind of protein, crystal structures can be separated into several groups 
by cluster analysis based on the conformational deviation. Multiple crystal structures of 
HEWL, Mb, Hb, and HSA were selected as samples for MD simulations without a 
precipitating agent, and cluster analysis was applied to snapshot structures obtained by the 
MD simulations with different crystal structures set as the starting models. As the results, all 
of the clusters for HEWL were merged into one group at 20 ns of MD simulation. In Mb, 10 
ns was necessary for all of the clusters to be merged into one group. For Hb and HSA, the 
time necessary for merging the structures became longer. The clusters of Hb were merged at 
130 ns except for one cluster group, and those of HSA were at 160 ns. 
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CONCLUSION 
  Cluster analysis was applied to the crystal structures of Hb, Mb, HEWL, HSA, HIV-1 PR, 
downloaded from PDB. The structures of Hb (n=146) were classified into 5 groups. The 
structures of Mb (n=284) were classified into 6 groups, those of HEWL (n=336) were 
clustered into 5 groups, those of HSA (n=63) were clustered into 3 groups, and those of 
HIV-1 PR (n=488) were classified into 6 groups. A major factor for the classification is the 
space group of crystals. Precipitating agents also have a critical influence on the structural 
difference for all of the proteins. As for Hb and Mb, the species of protein source is a more 
crucial factor for the classification. 
MD simulation was carried on the crystal structures of HEWL, Mb, Hb, and HSA without 
precipitating agent, respectively. Cluster analysis was applied to snapshot structures from the 
same time point of the respective simulation trajectories. As the results, the separated cluster 
groups were merged into one group with only a few exceptions. All of the calculation models 
were merged into one group at 20 ns for HEWL, and those of Mb were merged at 10 ns. The 
models of Hb were merged at 130 ns and those of HSA were at 160 ns. The simulation time 
for merging tends to be larger with the molecular weight of the protein.
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NOTE 
Space groups 
  In mathematics, physics and chemistry, a space group is the symmetry group of a 
configuration in space, usually in three dimensions. There are only 230 unique combinations 
for three-dimensional symmetry. The space groups are numbered from 1 to 230 and are 
classified here according to the 7 crystal systems: triclinic, monoclinic, orthorhombic, 
tetragonal, trigonal, hexagonal, and cubic. The space group notation begins with a capitol 
letter. This first letter represents the Bravias lattice and designates as primitive (P), 
body-centered (I), single-face centered (A, B or C), face-centered (F), rhombohedral (R), and 
hexagonal (H). The next three describe the most prominent symmetry operation visible when 
projected along one of the high symmetry directions of the crystal.  
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List :space group in 7 crystal systems61 
#  
Crystal system 
(count) 
Bravais lattice  
Space groups (international short symbol)  
1  Triclinic 
(2) 
 
P1  
2  
P1
-
 
3–5  
Monoclinic 
(13) 
 
P2, P21 
C2  
6–9  
Pm, Pc 
Cm, Cc  
10–15  
P2/m, P21/m 
C2/m, P2/c, P21/c 
C2/c  
16–24  
Orthorhombic 
(59) 
 
 
P222, P2221, P21212, P212121, C2221, C222, F222, I222, I212121  
25–46  
Pmm2, Pmc21, Pcc2, Pma2, Pca21, Pnc2, Pmn21, Pba2, Pna21, Pnn2 
Cmm2, Cmc21, Ccc2, Amm2, Aem2, Ama2, Aea2 
Fmm2, Fdd2 
Imm2, Iba2, Ima2  
47–74  
Pmmm, Pnnn, Pccm, Pban, Pmma, Pnna, Pmna, Pcca, Pbam, Pccn, 
Pbcm, Pnnm, Pmmn, Pbcn, Pbca, Pnma 
Cmcm, Cmce, Cmmm, Cccm, Cmme, Ccce 
Fmmm, Fddd 
Immm, Ibam, Ibca, Imma  
75–80  
Tetragonal 
(68) 
P4, P41, P42, P43, I4, I41  
81–82  
P4
-
, I4
-
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83–88  
 
 
P4/m, P42/m, P4/n, P42/n 
I4/m, I41/a  
89–98  
P422, P4212, P4122, P41212, P4222, P42212, P4322, P43212 
I422, I4122  
99–110  
P4mm, P4bm, P42cm, P42nm, P4cc, P4nc, P42mc, P42bc 
I4mm, I4cm, I41md, I41cd  
111–122  
P4
-
2m, P4
-
2c, P4
-
21m, P4
-
21c, P4
-
m2, P4
-
c2, P4
-
b2, P4
-
n2 
I4
-
m2, I4
-
c2, I4
-
2m, I4
-
2d  
123–142  
P4/mmm, P4/mcc, P4/nbm, P4/nnc, P4/mbm, P4/mnc, P4/nmm, 
P4/ncc, P42/mmc, P42/mcm, P42/nbc, P42/nnm, P42/mbc, P42/mnm, 
P42/nmc, P42/ncm 
I4/mmm, I4/mcm, I41/amd, I41/acd  
143–146  
Trigonal 
(25) 
 
P3, P31, P32 
R3  
147–148  
P3
-
, R3
-
  
149–155  
P312, P321, P3112, P3121, P3212, P3221 
R32  
156–161  
P3m1, P31m, P3c1, P31c 
R3m, R3c  
162–167  
P3
-
1m, P3
-
1c, P3
-
m1, P3
-
c1 
R3
-
m, R3
-
c  
168–173  
Hexagonal 
(27) 
P6, P61, P65, P62, P64, P63  
174  
P6
-
  
175–176  P6/m, P63/m  
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177–182  
 
P622, P6122, P6522, P6222, P6422, P6322  
183–186  P6mm, P6cc, P63cm, P63mc  
187–190  
P6
-
m2, P6
-
c2, P6
-
2m, P6
-
2c  
191–194  P6/mmm, P6/mcc, P63/mcm, P63/mmc  
195–199  
Cubic 
(36) 
 
 
 
P23, F23, I23 
P213, I213  
200–206  
Pm3
-
, Pn3
-
, Fm3
-
, Fd3
-
, Im3
-
, Pa3
-
, Ia3
-
  
207–214  
P432, P4232 
F432, F4132 
I432 
P4332, P4132, I4132  
215–220  
P4
-
3m, F4
-
3m, I4
-
3m 
P4
-
3n, F4
-
3c, I4
-
3d  
221–230  
Pm3
-
m, Pn3
-
n, Pm3
-
n, Pn3
-
m 
Fm3
-
m, Fm3
-
c, Fd3
-
m, Fd3
-
c 
Im3
-
m, Ia3
-
d  
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